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Cutting Speed of 150 m/min. Undeformed Chip Thickness:  
(a) 10 nm (b) 40 nm (c) 70 nm (d) 100 nm (e) 400 nm (f) 700 nm  
(g) 1000 nm (h) 1400 nm (i) 1700 nm (j) 2000 nm 
 
Figure B.5 P20 Chip Chart at Cutting Speed of 10 m/min.  198 
Undeformed Chip Thickness: (a) 0.3 µm (b) 0.5 µm (c) 0.7 µm  
(d) 0.9 µm (e) 1.1 µm (f) 1.3 µm (g) 1.5 µm (h) 1.7 µm (i) 2 µm  
(j) 5 µm (k) 10 µm (l) 20 µm (m) 30 µm (n) 40 µm (o) 50 µm  
(p) 60 µm 
 
Figure B.6 P20 Chip Chart at Cutting Speed of 115 m/min.  201 
Undeformed Chip Thickness: (a) 0.3 µm (b) 0.5 µm (c) 0.7 µm  
(d) 0.9 µm (e) 1.1 µm (f) 1.3 µm (g) 1.5 µm (h) 1.7 µm (i) 2 µm  
(j) 5 µm (k) 10 µm (l) 20 µm (m) 30 µm (n) 40 µm (o) 50 µm  
(p) 60 µm 
 
Figure B.7 Effect of Undeformed Chip Thickness on Surface Roughness at  203 
Cutting Speed of 10 m/min. (P20) Undeformed Chip Thickness:  
(a) 0.5 µm (b) 1.1 µm (c) 2.0 µm (d) 10 µm (e) 20 µm (f) 40 µm 
(g) 60 µm 
 
Figure B.8 Effect of Undeformed Chip Thickness on Surface Roughness at  205 
Cutting Speed of 115 m/min. (P20) Undeformed Chip Thickness:  
(a) 0.5 µm (b) 1.1 µm (c) 2.0 µm (d) 10 µm (e) 20 µm (f) 40 µm  
(g) 60 µm 
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The marked increase in demand for miniaturized consumer products in a broad 
range of potential applications including medical, telecommunication, avionics, 
biotechnology and electronics is a result of advancements in miniaturization 
technologies. Consequently, engineering components are being drastically reduced in 
size. This coupled with the quest for higher quality components, has imposed more 
stringent requirements on manufacturing processes and materials used to produce micro 
components.  Hence, the development of ultra precision manufacturing processes to 
fabricate micro-scale features in engineering products has become a focal point of recent 
academic and industrial research. 
However, much attention in the area of micro-manufacturing, especially micro-
mechanical machining, has been devoted to building miniature machine tools with 
nanometer positioning resolution and sub-micron accuracy. There is lack of fundamental 
understanding of mechanical machining at the micro and nano scale.  Specifically, basic 
understanding of chip formation mechanisms, cutting forces, size-effect in specific 
cutting energy, and machined surface integrity in micro and nano scale machining and 
knowledge of how these process responses differ from those in macro-scale cutting are 
lacking. In addition, there is a lack of investigations of micro and nano scale cutting of 
common engineering materials such as aluminum alloys and ferrous materials. 
This thesis proposes to advance the understanding of machining at the micro and 
nano scale for common engineering alloys. This will be achieved through a series of 
systematic micro and nano cutting experiments. The effects of cutting conditions on the 
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machining forces, chip formation and machined surface morphology in simple orthogonal 
micro-cutting of a ferrous, P20 mold steel (30 HRC), and a non-ferrous structural alloy, 
aluminum AL7075 (87 HRB), used in the mold making and rapid prototyping industry 
will be studied. The data will also be compared with data obtained from conventional 
macro-scale cutting.  In addition, the applicability of conventional metal cutting theory to 
micro and nano cutting test data will be examined. The analysis will provide a better 
understanding of machining forces, chip formation, and surface generation in micro and 






The insightful lecture, “There’s Plenty of Room at the Bottom”, by acclaimed 
Nobel laureate Dr. Richard Feynman, sparked a revolution in miniaturization technology 
in the late 1950s. Since then, much of the world’s miniaturization technology has 
advanced at an astonishing pace. In particular, there has been a marked increase in 
demand for miniaturized consumer products in a broad range of applications including 
medical, telecommunication, avionics, biotechnology and electronics as a result of 
emerging miniaturization technologies. 
Current microfabrication techniques can be broadly categorized into three main 
process groups, namely Bulk Micromanufacturing, Surface Micromachining and the 
LIGA Process. These techniques are also commonly referred to as “micro-engineering”, 
“micro-manufacturing” and more recently, “nano-manufacturing”.  
Bulk micromachining has been widely used since the 1960s in the production of 
microelectronics. It involves the physical or chemical removal (dry or wet etching) of 
material from bulk substrates in forming three dimensional micro-components. This 
technique involves high material losses and is also limited to primarily silicon-based 
components with low aspect ratios. Surface Micromachining is an additive technique 
where the micro-components are manufactured through building up materials in a layered 
format onto the substrate. Although this technique is suitable for micro-components with 
more complex geometries and is not as restrictive in terms of the materials used, it 
involves the design and production of complex masks used in the fabrication process. The 
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technique is tedious, expensive and the fabricated products also face serious engineering-
related issues regarding interfacial stresses and stiction. The LIGA Process draws on x-
ray lithography, electroforming and plastic molding processes in the production of parts. 
The LIGA Process allows production of metallic components and is also capable of 
fabricating parts with high aspect ratios. However, it is a very expensive process and 
involves high material losses during the fabrication process. In general, current 
techniques in microfabrication can be described as costly, time-consuming, geometrically 
and material restrictive and not environmentally friendly due to the chemical processes 
involved (Hsu, 2002). 
The quest and demand for even smaller, more reliable and durable engineering 
components, while greatly increasing the number of functions these micro-components 
offer, has imposed more stringent requirements on both the microfabrication processes 
and the materials used. Consequently, there has been an increased demand for micro-
scale engineering components to be fabricated using harder common engineering alloys 
such as titanium alloys, steels, stainless steels, aluminum alloys, ceramics and other 
ferrous alloys and composites (Aronson, 2003).   
Mechanical machining (cutting) is a well established material removal process for 
fabricating three dimensional macro-scale components. With recent advancement in 
micro and nano actuation devices, mechanical machining can, in principle, be used in the 
fabrication of micro-scale components. Mechanical machining at the micro-scale, more 
commonly referred to as micro-/ nano-cutting, is able to produce intricate three-
dimensional features while at the same time satisfy stringent dimensional tolerance and 
surface finish requirements required of micro and nano scale components. However, 
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there are still numerous challenges in micro-cutting to be overcome before it can emerge 
as a technically sound, economically viable and reliable process to fabricate micro-
components. Hence, the development of ultra precision micro-cutting manufacturing 
processes to fabricate micro-components in engineering products has become a focal 
point of recent academic and industrial research. 
 In the last few decades, much attention in the area of micro-manufacturing, 
especially micro-mechanical machining, has been devoted to building miniature machine 
tools with nanometer positioning resolution and sub-micron accuracy. In recent times, 
there have been extensive studies of tool life, edge radius effect, surface generation, 
“size-effect”, minimum chip thickness, microstructural effects as well as finite element 
modeling and molecular dynamics simulation of micro and nano scale cutting. However, 
fundamental understanding and general consensus on the mechanism that dominates 
mechanical machining at the micro and nano scale is still lacking. Specifically, basic 
understanding of chip formation mechanisms, cutting forces, size-effect in specific 
cutting energy, and machined surface integrity in micro and nano scale machining and 
knowledge of how these process responses differ from those in macro-scale cutting are 
lacking. In addition, the range of thickness of cut in published data of current scientific 
investigation in micro and nano scale machining is limited. Furthermore, there is a lack of 
investigations of micro and nano scale cutting of common engineering materials such as 
aluminum alloys and ferrous materials. Hence, a methodical study conducted over a 
wider range of cutting conditions with common engineering materials would complement 
existing data, thereby allowing for further enhancement of knowledge in micro and nano 
scale machining processes. 
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1.1 Objectives 
The objective of this thesis is to advance the understanding of machining at the 
micro and nano scale for common engineering alloys. This will be achieved through a 
series of systematic micro and nano cutting experiments. The effects of cutting conditions 
on the machining forces, chip formation and machined surface morphology in simple 
orthogonal micro-cutting of a ferrous, P20 mold steel (30 HRC), and a non-ferrous 
structural alloy, aluminum AL7075 (87 HRB), used in the mold making and rapid 
prototyping industry will be studied. The data will also be compared with data obtained 
from conventional macro-scale cutting. In addition, the applicability of conventional 
metal cutting theories, such as those of Merchant and Oxley (Merchant, 1945; Oxley, 
1989), to micro and nano cutting test data will also be examined in this investigation. 
 
1.2 Outline of Thesis 
Chapter 2 provides a critical review of prior and on-going research in micro and 
nano scale machining with emphasis being placed on cutting force, chip geometry, 
surface morphology, size-effect and process modeling. A detailed description of the 
machines, selection of workpiece materials and cutting tools, experimental procedures 
used to acquire the experimental data in this study is provided in Chapter 3. Chapter 4 
will present the experimental data and general discussion and possible explanations of the 
significant trends observed for both AL7075 and P20. The discussion will focus on the 
cutting force, chip geometry, surface morphology of the machined workpieces as well as 
derived parameters using Merchant’s theory. The applicability of two existing macro-
scale metal cutting process models will be examined in Chapter 5. Chapter 6 will 
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summarize the significant findings of this experimental study, outline the current 
limitations raised by this study as well as provide some recommendations for future work 
that would further enhance the fundamental understanding of the mechanism that 






This chapter aims to provide an overview of past and on-going scientific 
investigations relating to micro and nano scale machining. A general synopsis of micro 
and nano scale cutting experiments, precision machines, cutting tools and workpiece 
materials employed in past studies will also be presented. The emphasis of this literature 
review is placed on experimental studies of cutting forces, size-effect, chip geometry and 
surface morphology.  
 
2.1 Introduction 
 Precision machining has emerged as a vital aspect in meeting the requirements of 
technological advancement. The continuing quest for smaller, more reliable consumer 
and industrial products is also pushing current limits in miniaturization technology. In 
view of this, the fabrication of micro and meso scale devices has presented researchers 
with new and exciting challenges. Several scientific investigations in the field of micro 
and nano scale machining have also been rigorously conducted in order to better 
comprehend the influence of the underlying and dominant mechanisms of the machining 
process. 
Current scientific investigations into micro and nano scale machining can be 
broadly classified into two main groups, namely experimental and modeling studies. 
Experimental investigations in micro and nano scale machining can be further sub-
categorized into the following groups: (i) The construction and evaluation of meso and 
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micro scale machine tools in creating micro and nano scale structures (Nomura and 
Suzuki, 1992; Weck and Fischer, 1999; Gao et al., 2000; Shinno and Hashizume, 2001; 
Tanaka, 2001; Vogler et al., 2002; Cox et al., 2004) and (ii) the use of conventional ultra-
precision machines and cutting tools in micro and nano scale cutting tests (Ohmori and 
Takada, 1982; Eda et al., 1985; Sato et al., 1991; Moriwaki et al., 1993; Lucca et al., 
1991, 1993, 1994). Modeling studies, of which there are many, includes the use of 
molecular dynamics simulation and finite element method to predict and characterize 
both the material behavior as well as process parameters when cutting at the micro and 
nano scale is being performed (Komanduri et al., 1998; Kim et al., 1999; Raczy et al., 
2004; Lin et al., 2004; Liu and Melkote, 2004). 
  
2.2 Overview of Meso-/ Micro-Scale Machine Tools 
 Recent advances in actuation and control systems have initiated the development 
of meso and micro scale ultra-precision machine tools (Tanaka, 2001). The development 
of meso and micro scale machine tools provides researchers with instruments to perform 
nanometric cutting experiments as well as to fabricate micro-components.  
In addition, because smaller machine tools are less affected by environmental 
fluctuations such as changes in temperature, pressure and humidity as compared to their 
macro-scale counterpart, they are perceived to be superior in terms of accuracy (Cox et 
al., 2004). Furthermore, the reduced mass of the miniature machine tool reduces the 
inertia force required to drive the machine tool system, thus consuming less energy and 
yet providing higher positioning accuracy. Hence, the use of miniature machine tools is 
also seen as having immense potential in reducing production costs (Breguet et al., 2000; 
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Tanaka, 2001; Cox et al., 2004). Consequently, extensive research involving the 
construction of meso and micro scale ultra-precision machine tools has since been 
pursued.  
 The majority of meso and micro scale machine tools utilize piezoelectric actuators 
to provide positioning resolution in the nanometer range. Other actuation systems 
employed for nanometric level positioning include direct drive linear motor with crossed 
roller bearing (Cox et al., 2004) and voice coil actuated drive technology (Vogler et al., 
2002). In addition, materials with high stiffness and low thermal deformation response 
such as Invar 36 steel alloy are often employed to provide structural support in the 
construction of meso and micro scale machine tools. Contact devices such as strain 
gauges, thermocouples and force dynamometers are typically integrated into the meso 
and micro scale machine tools to monitor process parameters such as cutting forces and 
cutting temperatures. The meso and micro scale machine tools are subsequently 
assembled on a vibration isolation platform. Typical meso and micro scale machine tools 
are illustrated in the following diagram, Figure 2.1. 
  
 
 (a)         (b) 
Figure 2.1: (a) Microfactory (b) Meso-/ Micro-Scale Machine Tools in Microfactory 
(Tanaka, 2001) 
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 The main focus in the development of meso and micro scale machine tools is the 
performance evaluation of these ultra-precision miniature machine tools in the assembly 
and fabrication of micro-components. The performance, response and accuracy of the 
positioning system, dynamic rigidity of the system as well as the sensitivity of the force 
sensors are often evaluated to ensure that the miniature machine tool satisfies pre-defined 
machining requirements (Lu and Yoneyama, 1999; Vogler et al., 2002; Cox et al., 2004).  
These meso and micro scale machine tools are subsequently used to fabricate 
micro and nano scale components as illustrated in Figure 2.2. Diamond tools are most 
often employed in meso and micro scale machine tools since diamond is the hardest 
material that can be sharpened to an atomic scale (Nakayama, 1997). Cutting tools used 
in scratch tests include Atomic Force Microscope probes (Ashida et al., 2001) and 
Scanning Tunneling Microscope diamond probes (Lu and Yoneyama, 1999). 
 
 
Figure 2.2: Micro-Components Fabricated by Meso-/ Microscale Machine Tools 
(Tanaka, 2001) 
 
 Another objective in developing meso and micro-scale machine tools is to provide 
researchers with an instrument to conduct micro and nano scale cutting, nano-scratching 
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and nano-indentation experiments. These experiments will be discussed in the following 
section. 
 
2.3 Overview of Micro-/ Nano-Scale Cutting Experiments 
 Micro and nano scale cutting is a relatively new field that has been explored over 
the last 50 years in the pursuit of the miniaturization of engineering components. Due to 
the lack of prior comprehensive understanding of micro and nano scale cutting, the 
approach to micro and nano scale cutting has been predominantly governed by more 
established macro-scale machining knowledge.  
Hence, scientific investigations were subsequently conducted to investigate and 
better comprehend the mechanisms that govern micro and nano scale cutting. Various 
elements such as the edge radius of the tool, microstructure of the work material and the 
behavior of the work material were observed to influence cutting processes at the micro 
and nano scale. Numerous experiments were subsequently conducted to seek qualitative 
and quantitative explanations for phenomena observed in micro and nano scale cutting. 
These micro and nano scale cutting experiments were generally conducted using 
ultra-precision diamond turning machines, ultra-precision flying cutting machines, 
grinding machines and specially-built meso and micro scale machine tools. Cutting 
experiments in the undeformed chip thickness range of 1 nm to 80 µm have been 
reported. 
As discussed in the preceding section, single crystal diamond tools are the 
preferred choice for cutting tools in micro and nano scale cutting experiments. The 
cutting edge radius of single crystal diamond tools used in micro and nano scale cutting 
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experiments are reported to be in the range of 10 – 100 nm. Other cutting tools used in 
micro and nano scale cutting experiments include polycrystalline diamond, cubic boron 
nitride, high speed steel (Nakayama and Tamura, 1968) and tungsten carbide tools 
(Weule et al., 2001). The edge radii of these alternative cutting tools range between 2 µm 
and 635 µm.  
 Aluminum, brass and copper are some of the common work materials employed 
in micro and nano scale cutting experiments. The choice of work materials in micro and 
nano scale cutting experiments is normally constrained by the diamond cutting tools used 
because these tools are known to exhibit rapid tool wear when used to machine ferrous 
materials. Hence, most of the work materials used in past and on-going research are soft, 
ductile and non-ferrous in nature. Nevertheless, micro and nano scale cutting of steel 
(Weule et al., 2001), stainless steels (Evans, 1991), silicon (Gao et al., 2000) and tungsten 
carbide (Liu et al., 2003) have also been conducted. 
  
2.3.1 Cutting Forces and Size-Effect 
 Cutting force is a parameter widely studied by researchers in the attempt to grasp 
a better understanding of the mechanism of the cutting process. The study of cutting 
forces is also essential in the development of meso-/ micro-scale machine tools (Lu and 
Yoneyama, 1999), understanding the cutting process in micro and nano scale cutting 
(Backer et al., 1952; Nakayama and Tamura, 1968; Hasegawa et al., 1975; Furukawa et 
al., 1988; Sato et al., 1991; Lucca et al., 1991, 1993, 1994; Gao et al., 2000) as well as the 
verification of process models and molecular dynamics simulations (Shimada et al., 
1992; Shimada et al., 1993; Kim and Kim, 1996; Kim et al., 1999; Vogler et al., 2004).  
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In these studies of cutting forces, it is observed that the specific cutting energy 
increases as the undeformed chip thickness decreases, and this phenomenon has since 
been termed size-effect. Numerous studies have been conducted in an attempt to explain 
the size-effect phenomenon in cutting processes. Although many explanations have also 
been proposed to elucidate the cause of size-effect (Kopalinsky and Oxley, 1984; Kim 
and Kim 1996; Dinesh et al., 2001; Shaw, 2003; Atkins, 2003; Joshi and Melkote, 2004), 
there is still no general consensus and definitive explanation established for the size-
effect phenomenon.  
 Nakayama and Tamura (1968) performed an experimental investigation on the 
cutting of brass with high speed steel tools with edge radii measuring 3 – 4 µm at 
different rake angles (0º, -20º, -40º). The cutting and thrust forces were reported to have a 
positive intercept at a zero depth of cut, indicating the existence of size-effect, except 
when cutting with a 0º rake angle tool. It was suggested that the disproportional 
consumption of energy in plastic flow in the subsurface layer, together with the change in 
undeformed chip thickness and the blunting of the cutting edge, might be possible 
sources contributing to size-effect.   
 Lucca et al. (1991) discovered in their experimental investigation that at small 
undeformed chip thickness values, rubbing on the flank face of the cutting tool due to 
workpiece material elastic recovery and ploughing become important components in the 
cutting process as the undeformed chip thickness becomes comparable to the edge radius 
of the tool. These components are consequently proposed as possible causes of the 
increase in specific energy. In a separate experimental investigation, Lucca et al. (1993) 
found that the nominal rake angle and the tool edge profile exerted considerable influence 
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on the resulting forces and the energy dissipation over an undeformed chip thickness 
range of 10 nm to 20 µm. However, when the undeformed chip thickness becomes 
comparable to the edge radius of the cutting tool, the effective rake angle, rather than the 
nominal rake angle, has a more significant effect on the cutting forces. Lucca et al. (1994) 
also suggested that the tool edge condition has a significant effect on the resulting forces 
at undeformed chip thickness values smaller the tool edge radius.  
Sato et al. (1991) also reported the presence of size-effect in the cutting force at 
an undeformed chip thickness of 1 µm in their investigation of micro-cutting of single 
crystal aluminum. Furukawa et al (1988) observed the initiation of size-effect in the 
cutting force at an undeformed chip thickness of 3 µm. They proposed that the initiation 
point of size-effect is influenced by a combination of factors such as work material 
property, cutting edge sharpness and chip geometry. 
Nakayama and Tamura, Lucca et al. and Furukawa et al.’s experimental 
investigations indicate that the edge radius of the tool has significant influence on the 
cutting forces at very small undeformed chip thicknesses. Hence, it is not surprising that 
numerous scientific investigations involving the edge profile of the cutting tool in micro 
and nano scale cutting have been conducted (Waldorf et al., 1998; Manjunathaiah and 
Endres, 2000; Fang, 2003). These investigations involving edge-radiused tools will be 
discussed in section 2.4.1 
 
2.3.2 Chip Geometry  
 The study of chip geometry provides researchers with fundamental information on 
the cutting process as the type of chip produced influences both the surface morphology 
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and integrity. In addition, process parameters such as shear angle can be derived from the 
chips produced. The thickness of cut, more commonly referred to as undeformed chip 
thickness, is also the primary factor influencing the best machining accuracy attainable 
(Ikawa et al., 1992).  
 Ikawa et al. (1992) studied the minimum thickness of cut in diamond turning. The 
minimum thickness of cut is defined by Ikawa et al. as the minimum undeformed 
thickness of the chip that can be removed stably from the work surface under perfect 
performance conditions of a machine tool. Stable chip formation at an undeformed chip 
thickness at the nanometric length scale is observed. The images of the chip obtained 
from single point diamond cutting of electroplated copper at undeformed chip thicknesses 
of 1 nm and 30 nm are presented in Figure 2.3. Thus, Ikawa et al. inferred from their 
experimental findings that if the edge radius of the cutting tool is maintained sharp 




(a)    (b) 
Figure 2.3: Image of Chip Produced at an Undeformed Chip Thickness of (a) 1 nm and 
(b) 30 nm (Ikawa et al., 1992) 
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 Moriwaki et al. (1993) conducted a detailed study of chip geometry. Moriwaki et 
al. observed that the thickness of the chip is influenced by the crystallographic 
orientation. In addition, spiral chips are formed at undeformed chip thicknesses greater 
than 1 µm and wavy chips formed at undeformed chip thicknesses smaller than 1 µm. It 
is also reported by Moriwaki et al. that there are no observable distinctions between the 
deformed chip thicknesses when the undeformed chip thickness is reduced to less than 
0.01 µm. 
 In another experimental investigation of micro-cutting of brass conducted by Lu 
and Yoneyama (1999), a flow type chip with deformed chip thickness 30 times greater 
than the undeformed chip thickness of 30 µm was observed.  
 Weule et al. (2001) reported that the achievable surface roughness in micro-
milling depends on the behavior of the material during the cutting process. They further 
added that chip separation will only occur at a defined minimum cutting depth (minimum 
chip thickness). The minimum chip thickness in micro-milling, according to Weule et al. 
(2001), can be estimated as being approximately 30% of the edge radii of the cutting tool. 
 Kim et al. (2002) studied chip formation in micro-milling and reported that the 
minimum chip thickness of a micro-milling system is dependent on the stiffness of the 
system and the edge radius of the tool. If the feed per tooth is relatively smaller than 
either the stiffness of the system or the edge radius of the tool, a chip may not form with 
each pass of the tool. It is also reported that the chip thickness and width of the chips 
collected in the experimental study tend to be similar. The chips collected are also fragile 
and weak and break easily. Further analysis of the chips indicated that the measured chip 
volume is significantly larger than the nominal chip volume at small feed per tooth. 
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Hence, Kim et al. (2002) concluded that chips were not formed at each pass of the cutting 
tool. An examination of the feed marks on the surface of the workpiece further provided 
convincing evidence to support the statement. 
 
2.3.3 Surface Morphology  
 The desire to create surfaces of exceptional accuracy and quality for micro-
components is the driving force behind research into surface generation from micro and 
nano scale machining. An improved understanding of the effect and dominant 
mechanisms that govern surface generation in micro and nano scale machining aids in the 
fabrication of micro-components with ultra-smooth functional surfaces and highly precise 
dimensions, which is essential in many electronics and optics applications. Specific 
applications include micro-scale fuel cells, micro-holes for fiber optics and micro-molds 
for optical lenses.  
 Nakayama (1997) suggested that the quality of the surface finish generated in 
micro and nano scale machining can be attributed to the inaccurate motion of the cutting 
tool relative to the workpiece, as well as the presence of a built-up edge. The inaccuracies 
of the cutting tool’s motion can be eliminated through a combination of the use of higher 
precision machines and designing a more rigid experimental setup. In addition, built-up 
edge can similarly be avoided by (i) selecting mutually non-adhesive materials for tool 
and work material, (ii) machining the work material at cutting temperatures above the 
recrystallization temperature of the work material, (iii) using a high rake angle (> 30º), 
(iv) maintaining a sharp cutting edge and (v) machining at very high cutting speeds. 
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 The pursuit of better surface finish has promoted continued investigation in 
surface morphology in micro and nano scale cutting. The constituents of the work 
materials and the crystallographic orientation of the work material are other factors found 
to have an influence on the surface finish of the machined surface.  
Experimental investigations by Eda et al. (1985) on single point diamond 
machining of aluminum and copper alloys, within the undeformed chip thickness range 
of 2 – 70 µm, suggests that the quality of the surface finish is influenced by the alloys and 
constituents of the work material and the deformation of the crystal boundary and 
separations. Alloyed particles that were cracked and fractured by the tool during the 
cutting process and voids observed on the machined surface supported this deduction. In 
addition, it was verified that the machined surface roughness values are close to the 
theoretical roughness values, in conformance with the form of the diamond tool. The 
smoothest surface finish achievable on pure aluminum workpiece in this investigation 
was reported to be 50Å.  
 The surface finish of the work material is also influenced by the crystallographic 
orientation of the work material (Sato et al., 1991; Moriwaki et al., 1993; To et al., 1997). 
Sato et al. (1991) and To et al. (1997) described similar findings - that surface roughness 
and flatness are affected by the cutting direction in machining single crystal aluminum. 
Sato et al. (1991) reported that when the single crystal aluminum is machined along the 
[0 1 1] direction, corresponding to its sliding direction, the surface finish produced has the 
lowest roughness values. Alternatively, machining perpendicular to the sliding direction 
along the [1 2 1] direction generates a surface finish with the highest roughness values. To 
et al. (1997) reported that machining the aluminum single crystal workpiece along (1 0 0) 
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plane yields the best surface finish when compared to machining along the (1 1 0) and (1 
1 1) planes. Sato et al. (1991) together with To et al. (1997) concluded from their 
respective investigations that controlling the crystallographic orientation of the work 
material during the machining operations is effective in improving the surface finish. 
Moriwaki et al. (1993) describes similar findings in machining single crystal copper. 
However, Moriwaki et al. (1993) further highlighted that the influence of crystallographic 
orientation on surface roughness is significantly reduced when the undeformed chip 
thickness is reduced. Moriwaki et al. (1993) suggested that the improvement of the 
quality of the surface finish at small undeformed chip thicknesses was because the 
surface was not generated at the grain boundaries. 
 Lee and Cheung (2001) presented and experimentally verified a dynamic surface 
topography model used to predict the local variation of surface roughness in diamond 
turning of crystalline materials. The model incorporates the micro-plasticity theory, 
theory of system dynamics and machining theory to account for materials induced 
vibration in ultra-precision machining. The model predicts both the magnitude and the 
effect of materials-induced vibration to provide quantitative estimates in the local 
variation of the surface roughness caused by these material induced vibrations. 
 
2.4 Overview of Process Modeling  
   Process modeling methods such as the finite element method (FEM) and 
molecular dynamics simulation (MDS) are commonly used to evaluate and predict 
process parameters in micro and nano scale cutting. Numerous studies have been 
conducted to employ these modeling techniques to accurately evaluate and predict micro 
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and nano scale cutting process parameters such as cutting force, chip geometry, strain and 
stress distribution and cutting temperature (Shimada et al., 1993; Liang et al., 1994; 
Maekawa et al., 1995; Komanduri et al., 1998; Kim et al., 1999; Rentsch, 2000; Lin and 
Huang, 2004; Raczy et al., 2004; Liu and Melkote, 2004).  
FEM analyzes micro scale machining based on the principle of macro-scale 
continuum mechanics (Liu et al., 2004). It is a well-established technique used to predict 
process parameters for macro-scale cutting operations. MDS technique departs from 
continuum mechanics, analyzing cutting operations at the atomistic level. This is a newly 
developed technique and is widely perceived to be more ideal in modeling micro and 
nano scale cutting (Liu et al., 2004). 
The majority of work in this area involves the formulation and development of 
either FEM techniques or MDS techniques to investigate the influence of cutting 
conditions on the process parameters in two-dimensional orthogonal cutting. Material 
behavior, friction characteristics and tool geometry are incorporated into these process 
models with the aim of better describing the complex nature of micro and nano scale 
cutting operations. Experimental studies are subsequently conducted to verify the 
applicability of the finite element or molecular dynamics models developed. Some of the 
notable findings from these modeling studies are summarized as follows: 
Ikawa et al. (1991) analyzed chip removal at the nanometric level using an 
atomistic simulation. It was reported that although the minimum thickness of cut is 
influenced by interaction between the tool and the work material, it is more significantly 
influenced by the cutting edge of the tool. Both the simulation and experimental work 
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suggested that the minimum thickness of cut is at the order of 
10
1  of the edge radius of 
the tool.  
Liang et al. (1994) employed the FEM to analyze the influence of the 
crystallographic characteristics of the material on the micro-cutting process. The analysis 
indicated that grain orientation has a significant effect on the yielding cutting force for 
both aluminum and copper. The cutting force also becomes a minimum when cutting is 
performed along the (1 1 1) plane when compared with the (0 0 1) and (1 1 0) planes. 
Furthermore, the yielding cutting force also changes at the grain boundary of 
polycrystalline materials. 
In the study of tribological phenomena in nano-scale machining using MDS, 
Maekawa et al. (1995) reported that friction and tool wear exert the same influence in 
nano-cutting as that observed in macro-scale cutting.  
Komaduri et al., (1998) investigated the effect of tool geometry in nano-scale 
cutting using MDS and reported that the tool edge geometry has significant influence on 
nano-scale cutting. The tool edge geometry is found to have significant influence on the 
cutting and thrust forces, force ratio, specific energy and the sub-surface deformation.  
Kim et al. (1999) proposed a FEM technique to predict the stress and temperature 
distribution in micro-scale machining of oxygen-free-high-conductivity copper. The 
results indicated that the temperature effect is a very important factor to be considered in 
micro-scale cutting process due to its influence on the flow stress distribution. The 
cutting force and flow stress were over-predicted when the temperature effect was 
neglected. 
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Liu and Melkote (2004) presented a strain gradient based FEM technique to 
predict the size effect in orthogonal cutting. The analysis showed that strain gradient 
strengthening has minimal effect on the distribution of temperature, effective plastic 
strain and effective stress within the workpiece. However, strain gradient strengthening 
led to higher effective stress in the deformation zones and the finished surface and lower 
plastic strain in the primary deformation and secondary deformation zones. Furthermore, 
the strain gradient effect also led to higher cutting temperatures. 
 
2.4.1 Edge-Radiused Tool Process Model  
 Many conventional macro-scale machining models such as Merchant’s theory and 
Oxley’s theory do not account for the size of the cutting tool’s edge radius. The tool is 
assumed to be perfectly sharp since the size of the edge radius is often negligible when 
compared to the thickness of cut performed in macro-scale cutting operations. However, 
as the undeformed chip thickness is significantly reduced in micro and nano scale 
machining, the edge radius of the cutting tool becomes comparable to the undeformed 
chip thickness. The interaction between the edge radius of the cutting tool and the work 
material is found to significantly influence the cutting process in micro and nano scale 
cutting as highlighted in the previous section. Hence, numerous studies considering the 
edge radius of the cutting tool in micro and nano scale machining have since been 
conducted (Albrecht, 1960; Komanduri, 1971; Manjunathaiah and Endres, 2000; 
Kountanya and Endres, 2001; Schimmel et al., 2002). Various edge-radiused tool process 
models have also been proposed (Kim and Kim, 1996; Waldorf et al., 1998; 
Manjunathaiah and Endres, 2000; Fang, 2003). 
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 There are basically two schools of thought in edge-radiused tool modeling. 
Albrecht (1960), Endres et al. (2000) and Fang (2003) assume that the chip separation 
point exists on the edge radius of the cutting tool. On the other hand, Waldorf et al. 
(1998) considers a stable build-up of work material adhering to the cutting edge and that 
the separation point exists at the extreme edge of the work material build-up. Although 
scientific investigations were performed to determine the applicability of both theories 
(Waldorf et al., 1999; Kountanya and Endres, 2001), the results drawn from these studies 
remain inconclusive. Hence, there is no general consensus on the applicability of either 
theory. 
 Difficulties in measuring and separating the shearing and ploughing components 
of the cutting forces also compound the problem. Hence, verifications of edge-radiused 
tool process models are limited by experimental measurement techniques. Most edge-
radiused tool process models are not totally predictive in nature; prior knowledge of some 
variables and some form of experimental work is required to determine several empirical 
relationships required as inputs to these models. Therefore, Manjunathaiah and Endres 
(2000) comments that there is no perfect model that can reliably predict cutting forces 
when cutting with edge-radiused tools across a wide and practical range of cutting 
conditions. 
 
2.5 Summary  
A general synopsis of past and on-going scientific investigations related to micro 
and nano scale machining was presented in this chapter. The significant findings from 
these micro and nano scale machining researches were also summarized and highlighted.  
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It is noticed from this review that the work materials studied in previous 
investigations were limited in variety. Work materials such as soft aluminum alloys, brass 
and copper are soft, ductile, easily machinable and are not extensively used to fabricate 
miniature engineering components with small features. Although the range of the 
undeformed chip thicknesses reported in experimental studies in micro and nano scale 
machining is between 1 nm to 80 µm, individual scientific investigations in micro and 
nano scale cutting are generally limited to a small undeformed chip thickness range. 
There is a lack of systematic analysis of micro and nano scale cutting data over a wide 
range of undeformed chip thicknesses. Comparison of trends observed in micro and nano 
scale cutting with existing macro-scale data is also lacking. In addition, applicability 
studies of existing process models using micro and nano scale machining data are also 
lacking. Furthermore, there is no general consensus on the explanations for observed 
trends in micro and nano scale cutting. 
Hence, a more detailed study and analysis of cutting forces, size-effect 
phenomenon, chip geometry and surface morphology over a wider range of undeformed 
chip thicknesses using more precise machines and sharper cutting tools can be conducted. 
New studies involving harder engineering materials commonly used in the production of 
micro-components would also supplement existing micro and nano scale cutting data. 







This chapter illustrates the experimental work conducted to further the 
understanding of the dominating mechanism in micro and nano scale machining. A full 
factorial experimental design with five replications was executed to analyze the statistical 
repeatability and accuracy of the data. The selection criteria of the machines, workpiece 
materials and cutting tools used in this study is presented in this chapter.  A detailed 
description of the machines, cutting tools, workpiece materials, experimental setup and 
the experimental procedure used will also be presented.  
 
3.1 High Precision Machines 
Many researchers have highlighted that one of the major disparities between 
macro-scale and micro and nano scale machining is the positional accuracy and 
resolution requirement of the machines used.  Further miniaturization of engineering 
components is often limited by the accuracy and resolution of the machine tool’s 
actuation and sensor systems (Van Brussel et al., 2000). However, recent technical 
developments in ultra-precision machines have significantly improved both the 
achievable accuracy and resolution of the machines. Therefore, to ensure the precise 
position and movement of cutting tools with respect to the workpiece in this experimental 
investigation, ultra- precision machines with excellent positioning and repetition accuracy 
and nano-scale resolution were used. Detailed descriptions of the high precision machines 
used in this experimental investigation are presented in the following section. 
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3.1.1  Toshiba ULG-100C (H3) 
 The Toshiba ULG-100C (H3), shown in Figure 3.1, is a new generation ultra-
precision aspheric grinder for micro and nano scale processing of high precision optical 
components. The machine has a positioning resolution of 1 nm in the X, Y and Z axes 
through the use of a 1 nm scale feedback system. It features a high precision aerostatic 
bearing spindle that provides rigidity with enhanced stability while operating at low and 
high speeds. The machine utilizes rigid aerostatically preloaded V-V roller guideways, 
which eliminate inaccuracies caused by hydrostatic thermal displacement. This machine 
also has a temperature and vibration-proof environment to eliminate potential sources of 
inaccuracies introduced by thermal fluctuations and vibrations. The Toshiba ULG-100C 
(H3) was used in micro and nano scale cutting experiments (undeformed chip thickness < 
2 µm). A complete technical specification of the Toshiba ULG-100C (H3) machine is 
provided in Figure A.1 in Appendix A. 
 
 
Figure 3.1: Toshiba ULG-100C (H3) 
 
3.1.2 Hardinge Conquest T42SP Lathe 
 The Hardinge Conquest T42SP lathe, shown in Figure 3.2, is a 2-axis super 
precision Computer Numerical Control (CNC) lathe. The machine has a positioning 
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resolution of 1 µm in the X and Z axes and an overall axis repeatability of 0.76 µm. The 
machine utilizes heavy duty linear guideways for improved positioning accuracy. The 
machine is also mounted on a 2200 kg HARCRETE® polymer composite base for 
increased vibration isolation. The Hardinge Conquest T42SP lathe was used in this study 
for P20 steel cutting experiments (undeformed chip thickness > 2 µm). A complete 
technical specification of the Hardinge Conquest T42SP lathe is provided in Figure A.2 
in Appendix A. 
 
 
Figure 3.2: Hardinge Conquest T42SP Lathe 
 
3.1.3  JEOL JSM-5500 Scanning Electron Microscope 
The JEOL JSM-5500 Scanning Electron Microscope (SEM), shown in Figure 3.3, 
is an easily operable SEM equipped with electron optics, specimen chamber and stage for 
high magnification observation and imaging of specimens. It has a resolution of 3.5 nm, 
operating at an accelerating voltage range of 0.5 kV to 30 kV. The SEM’s magnification 
capability ranges from 18 to 300,000 times the size of the specimen, with a working 
depth of 5 to 48 mm. In addition, auto functions provided by the machine’s software such 
as focusing, astigmatism and exposure correction allows for high clarity images to be 
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taken. This SEM was used to capture images of the cutting tool, deformed micro-scale 
chip geometry as well as estimation of the deformed chip thickness. A complete technical 
specification of the JEOL JSM-5500 SEM is provided in Figure A.3 in Appendix A. 
 
 
Figure 3.3: JEOL JSM-5500 Scanning Electron Microscope 
 
3.1.4  ZYGO NewView 200 White Light Interferometer 
The ZYGO NewView 200, shown in Figure 3.4, is a scanning white-light 
interferometer used for characterization of the surface texture. It is a high-resolution, non-
contact, non-destructive, three-dimensional surface measurement device. It is typically 
used for surface characterization of silicon wafers, automotive parts and machined 
components. This device utilizes the pairing of a highly precise vertical scanning 
transducer and a camera to generate a three-dimensional surface image of the sample. 
This is achieved by using the fringes produced by the optical path difference between the 
reference and reflected beam. The image of the surface is subsequently processed to 
provide a precise measurement of the surface topography of the sample. The ZYGO 
NewView 200 was used to measure the surface roughness of the machined samples. A 




Figure 3.4: ZYGO NewView 200 White Light Interferometer 
 
3.1.5  Cutting Force Dynamometers 
 A three-component piezoelectric cutting force dynamometer was used to measure 
the cutting forces in this study. Since the magnitude of the cutting forces in micro and 
nano scale cutting is expected to be small, an important requirement of the dynamometer 
used is that it should have a low threshold and high sensitivity so that it can accurately 
measure small fluctuations in the cutting forces. Two types of force dynamometers were 
used in the experimental investigation.  
A Kistler Type 9256 three-component force mini-dynamometer, shown in Figure 
3.5, was used to measure the cutting forces in the micro and nano scale cutting 
experiments. The type 9256 mini-dynamometer allows measurement of three extremely 
small orthogonal components of force due to its high sensitivity and low threshold (< 
0.002 N). It can accurately measure force components as small as 0.001 N and has a 
working range of ±250 N.  
A Kistler Type 9257 three-component force dynamometer, shown in Figure 3.6, 
was used to measure the cutting forces in experiments where the undeformed chip 
thickness exceeded 2 µm. The Type 9257 dynamometer can measure force components 
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as small as 0.01 N with a working range of ±5 kN. The complete technical specifications 
of both Kistler force dynamometers used in this study are provided in Figures A.5 and 
A.6 in Appendix A. 
 
 
Figure 3.5: Kistler Type 9256, Three-Component Force Mini-Dynamometer 
 
 
Figure 3.6: Kistler Type 9257, Three-Component Force Dynamometer  
 
3.2 Workpiece Materials 
 An array of materials has been previously studied in micro-scale machining 
investigations. OHFC copper, copper alloys, brass, soft aluminum alloys, mild steels and 
polymers such as polymethyl methacrylate (PMMA) are just some of the materials that 
researchers have studied previously (Rother, 2004). However, with the exception of some 
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copper, aluminum alloys and copper alloys components, most engineering components 
manufactured with these materials do not have precise micro and nano scale features. In 
addition, the majority of these materials are non-ferrous, soft, ductile and easily 
machinable. 
 New developments in various fields ranging from medical devices to 
telecommunications have created a demand for micro-components fabricated using more 
exotic materials (Rother, 2004). This demand has been generated as a result of the 
continued quest for higher quality and more durable engineering components with very 
precise small features for new products. Some of the exotic materials used to fabricate 
miniaturized engineering components, shown in Figure 3.7, include titanium alloys, 
structural aluminum alloys, stainless steels, hardened steels and special alloys.  
 
 
Figure 3.7: Miniaturized Engineering Components 
 
Although many of these materials have been extensively studied and used to 
fabricate macro-scale engineering components, not many scientific investigations at the 
micro and nano scale have been conducted with these materials. Therefore, one of the 
main aims of this study is to conduct an investigation of ferrous and non-ferrous exotic 
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materials used in the fabrication of engineering components with micro and nano scale 
features. This research also hopes to reveal more insight into how micro and nano scale 
cutting of these materials is different from its macro-scale counterpart. 
 The mold making and rapid prototyping industry is an example of where 
engineering components are fabricated with extremely precise and small features as 
illustrated in Figure 3.8. These miniaturized plastic components are often fabricated using 
injection molding techniques.  
 
 
Figure 3.8: Molded Miniature Plastic Components 
 
The small features in the mold are presently machined using material removal 
processes such as electro-discharge machining (EDM), electro-chemical machining 
(ECM) and laser machining. Although the mechanical cutting process is widely used to 
fabricate molds for macro-scale engineering parts, a combination of the lack of extensive 
knowledge in micro and nano scale cutting processes, ultra-precision machines and tools 
has restricted this process from being used for the fabrication of molds for micro-scale 
components. Recent developments in the field of ultra-precision machines and tools have 
made mechanical cutting process an attractive alternative to EDM, ECM and laser 
machining for mold fabrication. However, more technical studies have to be conducted 
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before mechanical cutting process can be established as a reliable method in the 
fabrication of molds for micro-scale components.  
Hence, aluminum 7075-T6 (non-ferrous) and P20 mold steel (ferrous), two 
materials commonly used as molds in the mold making and rapid prototyping industry, 
have been selected to be the subject materials used in this study. 
 
3.2.1 Aluminum AL7075 
 AL7075 is a high strength material commonly used for highly stressed structural 
components. It has been widely used in the aerospace industry as a structural material and 
in the fabrication of aircraft fittings, gears, shafts, fuse parts and regulating valve parts. 
Other applications include missile parts, bicycle frames and all terrain vehicle (ATV) 
sprockets.  
 More recently, AL7075 has been gaining popularity in the mold making and rapid 
prototyping industry due to its favorable material properties (Anon, 2000). AL7075 was 
selected for this study as it can be used in a wide range of applications as well as its 
increased usage in the mold making and rapid prototyping industry. The chemical 
composition and material properties of AL7075 are provided in Tables 1.1 and A.1 in 









Table 3.1: Chemical Composition of AL7075 
Component Weight (%) 
Al 87.1 – 91.4 
Cr 0.18 – 0.28 
Cu 1.2 – 2 
Fe Max 0.5 
Mg 2.1 – 2.9 
Mn Max 0.3 
Other, each Max 0.05 
Other, total Max 0.15 
Si Max 0.4 
Ti Max 0.2 
Zn 5.1 – 6.1 
 
3.2.2 P20 Mold Steel 
 P20 mold steel has been traditionally used in molds for plastic injection molding. 
It is also the most commonly used ferrous material for molds in this industry. Hence, it 
has been selected as the ferrous material in this study. The chemical composition and 
material properties of P20 are provided in Table 1.2 and A.4 in Appendix A, respectively. 
 
Table 3.2: Chemical Composition of P20 
Component Weight (%) 
C 0.28 – 0.4 
Cr 1.4 – 2 
Fe 97 
Mn 0.6 – 1 
Mo 0.3 – 0.55 
P Max 0.03 
S Max .0.03 




3.3 Cutting Tools 
 The primary objective of this experimental study is to perform mechanical cutting 
of AL7075 and P20 at very small undeformed chip thicknesses. As highlighted in an 
earlier section, it is well known that the cutting edge radius of the cutting tool, shown in 
Figure 3.9, greatly influences various aspects of the cutting process (e.g. cutting forces, 
chip formation process, surface finish and power consumption) at the micro and nano 
scale. Furthermore, the minimum thickness of cut attainable is also known to be 
influenced by the sharpness of the cutting edge (Ikawa et al., 1992). 
 
 
Figure 3.9: Schematic of Cutting Edge Radius of Cutting Tool 
 
Hence, using a cutting tool with the sharpest available cutting edge radius would 
effectively eliminate the edge radius effect until the cutting edge radius of the tool is of 
the same order of magnitude as the undeformed chip thickness. In addition, the sharp tool 
would allow micro and nano scale cutting to be conducted at very small undeformed chip 
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thicknesses while producing continuous chips. Therefore, the main selection criterion of 
the cutting tool is to minimize the cutting edge radius. 
 
3.3.1 Single Crystal Diamond Tool 
Single crystal diamonds (SCD) are the hardest known material. In addition, SCD 
tools have the sharpest cutting edge radius currently available. Therefore, SCD tools are 
commonly used in micro and nano scale cutting of non-ferrous materials. 
However, SCD inserts cannot be used for the cutting of ferrous materials due to 
the high affinity of carbon to ferrous materials at high temperatures (≈ > 500 ˚C) (Evans, 
1991). The carbon diffusion process at high temperatures leads to high tool wear when 
SCD tools are used for machining of ferrous materials. Consequently, in order to prevent 
rapid tool wear, which would adversely affect the observations of this study, SCD tools 
are used only for the AL7075 cutting experiments.  
 SCD tools used in this study are made from natural diamond. It has a cutting 
edge width of 2 mm, a rake angle of 0˚ and a clearance angle of 5˚. An included angle of 
85˚ provides strength to the cutting edge. The cutting edge radius of the SCD tools was 
measured and estimated to be approximately in the range of 65 nm to 100 nm.  This is 
accomplished via fitting a circle on a highly magnified SEM image of the tool’s cutting 
edge. An example of an SEM image used to estimate the cutting edge radius of the tool is 




Figure 3.10: SEM Image of the Cutting Edge of SCD Tool 
 
Although there is a degree of uncertainty in this technique, this non-contact and 
non-destructive measurement technique was used to retain the sharpness of the tool. It is 
widely anticipated that contact measurement techniques such as that used by Li et al. 
(2003) and the stylus profiler might inevitably chip and damage the cutting edge during 
the measurement process. A detailed technical drawing of the SCD tools used in the 
current study is given in Figure A.7 in Appendix A. 
 
3.3.2 Carbide Tool 
A different tool is used for the P20 cutting experiments since SCD tools are 
unsuitable for the machining of ferrous materials for reasons discussed earlier. A lack of 
thermo-mechanical models able to predict the cutting temperature variations at the micro 
and nano scale also contributed to the choice of cutting tool for the ferrous material in 
this study. 
Carbide and cubic boron nitride (cBN) tools are commonly used for macro-scale 
cutting of ferrous materials as they exhibit low tool wear at high cutting speeds. 
Additionally, carbide and cBN tools are also two of the sharpest commercially available 
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cutting tools for the machining of ferrous materials. Furthermore, through special edge 
preparation techniques, “up-sharp” carbide and cBN tools can have nominal cutting edge 
radius values ranging from around 5 µm to 15 µm. However, carbide tools are more 
commonly used in the industry for machining of ferrous materials and are also 
significantly less expensive than cBN tools. Since the tool selection criterion is based on 
the sharpness of the tool, carbide tools are used for the P20 cutting experiments as they 
are more economical. 
 Tungsten carbide inserts (Kennametal, NGP-3125R) are employed for micro and 
nano cutting of P20 steel. These inserts have a cutting edge width of 3.175 mm, a rake 
angle of 5˚ and a clearance angle of 35˚. The inserts are coated with a layer of titanium 
nitride (TiN) using a physical vapor deposition (PVD) coating technique to improve the 
life and productivity of the tool.  
The cutting edge radius of the carbide inserts were first estimated using a 
technique similar to SCD tool. An example of the SEM image used to estimate the 
cutting edge radius of the carbide insert is shown in Figure 3.11. The carbide inserts were 
subsequently also characterized at the Kennametal Latrobe facility using a stylus 
technique. The carbide inserts were measured at three separate locations on the cutting 
edge as shown in Figure 3.12. The three measurements were averaged to characterize the 
cutting edge radius of the insert. The values obtained using the two techniques were then 
compared and found to be in good agreement. A sample of the measurement result using 
the stylus technique is shown in Figure 3.13. A detailed technical drawing and the table 
containing cutting edge radii of the carbide inserts used in this experimental investigation 
are given in Figure A.8, Tables A.3 and A.4 in Appendix A. 
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Figure 3.11: SEM Image of the Cutting Edge of the Carbide Insert 
 
      
Figure 3.12: Location of Cutting Edge Measurement 
 
 
Figure 3.13: Sample Edge Radius Measurement Result Using Stylus Technique 
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3.4 Experimental Setup 
 A face grooving (end turning of a tube) dry cutting operation simulating the 
orthogonal cutting process was conducted on both the Toshiba ULG-100C (H3) and the 
Hardinge Conquest T42SP lathe. Since the two machines had different fixturing 
requirements, two slightly different experimental setups were used. Both setups were 
designed to reduce the overhang of both the tool and the workpiece in order to maintain 
the rigidity of the tool and workpiece. The design thus eliminated potential sources of 
errors caused by the deflection and vibration of the workpiece during the cutting 
experiments. 
 
3.4.1 Setup on the Toshiba ULG-100C (H3) 
 The Toshiba ULG-100C (H3) is built with a 100 mm diameter vacuum chuck on 
its work spindle. The vacuum chuck has suction rings at 45 mm and 90 mm from the axis 
of rotation of the work spindle. This is illustrated in Figure 3.14. 
 
 
Figure 3.14: Vacuum Chuck on the Toshiba ULG-100C (H3) 
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 A holder of 100 mm in diameter was designed to mount the workpiece onto the 
vacuum chuck. The holder was machined with two flat surfaces with an M6 tapped hole 
in the center of the holder. The tapped hole enables the workpiece to be tightened rigidly 
onto the holder with an M6 screw and mounted onto the work spindle. The design of the 
holder and the workpiece is illustrated in Figure 3.15. After the holder and the workpiece 
are mounted onto the vacuum chuck, a dial gauge is used to align the holder such that the 
center axis of the workpiece coincides with the axis of rotation of the work spindle to 
minimize runout. The cutting tool is then mounted directly onto the Kistler Type 9256 
dynamometer with its cutting edge orthogonal to the workpiece. The configuration of the 
experimental setup in the Toshiba ULG-100C (H3) is presented in Figure 3.16. The 








Figure 3.16: Experimental Setup in Toshiba ULG-100C (H3) 
   
3.4.2 Setup on the Hardinge Conquest T42SP Lathe 
 The Hardinge Conquest T42SP lathe is built with a collet chuck, hence the 
workpiece can be directly mounted onto the lathe. The experimental setup in the 
Hardinge Conquest T42SP lathe is similar to that in the Toshiba ULG-100C (H3). The 
workpiece is held rigidly by the collet and its overhang is minimized. Light cuts are made 
with up-sharp turning tools to reduce the outer diameter of the workpiece to 38.1 mm. 
This ensures that the center axis of the workpiece is along the axis of rotation of the work 
spindle to minimize runout. The workpiece is subsequently bored internally to a diameter 
of 36.1 mm to form a tube of 1 mm wall thickness. The Kistler Type 9257 dynamometer 
is mounted onto the turret of the machine with the tool being subsequently mounted on 
the dynamometer. The configuration of the experimental setup in the Hardinge Conquest 




Figure 3.17: Experimental Setup in Hardinge Conquest T42SP Lathe 
 
3.5 Experimental Design 
 The primary goal of this investigation is to study the variation of forces, chip 
formation process and surface morphology with the changes in experimental factors, 
namely cutting speed and undeformed chip thickness. Different sets of factor levels were 
selected for AL7075 and P20 as a result of the difference in the cutting edge radius of the 
cutting tool used. Both experiments conducted were full factorial experimental 
investigations consisting of 2 factors with 5 replications. Tables 3.1 and 3.2 summarize 
the factors and the factor levels used for AL7075 and P20 steel, respectively. 
 
Table 3.3: Factors and Factor Levels for AL7075 
Factor Factor Levels 
Cutting Speed (m/min) 10, 150 





Table 3.4: Factors and Factor Levels for P20 
Factor Factor Levels 
Cutting Speed (m/min) 10, 115 
Undeformed Chip Thickness (µm)
0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, 2, 5, 10, 20, 30, 
40, 50, 60 
 
The cutting speeds were selected based on two criteria, the work spindle 
capability of the Toshiba ULG-100C (H3) machine using a 38.1 mm workpiece and the 
stability of the setup at that speed. The low and high speeds were determined to be 10 
m/min and 150 m/min for AL7075 and 10m/min and 115 m/min for P20. A total of 100 
cutting tests were conducted for AL7075 and 160 cutting tests were conducted for P20 
steel based on this experimental design. 
 
3.6 Experimental Procedure 
 Similar procedures were observed for the AL7075 and P20 cutting experiments. 
The workpiece and tool were prepared and set up as described in the earlier section for 
the respective machines. Prior to the mounting of the cutting tool onto the dynamometer, 
the rake face and the cutting edge of the cutting tool were observed and imaged on the 
SEM. The tool was then mounted and brought into contact with the workpiece to define 
the datum position and then moved to a start position 3 seconds from the zero datum. 
 At the commencement of the experiment, the tool travels at a steady feed for 3 
seconds before engaging the workpiece and proceeds to cut the workpiece for 12 seconds. 
This enables the data acquisition device to capture both the transient engagement force as 
well as the steady state cutting force. The data acquisition device captures the signal from 
the dynamometer at a rate of 24 kHz. As the tool approach the end of the cut after 12 
44 
seconds, the end position of the cut would be set as the new zero datum. The tool was 
subsequently re-positioned to a location 3 seconds away from the new zero datum. Figure 
3.18 shows the force components in a typical orthogonal cutting of AL7075 with a zero 
rake angle. The forces recorded by the dynamometer during the cutting operation are the 
cutting force, FC and the thrust force, FT. 
 
 
Figure 3.18: Schematic of Force Components 
  
 The tool was removed at the end of the cutting operation and the rake face and the 
cutting edge observed and imaged on the SEM. The chips produced were also collected 
and imaged using the SEM. The machined surface of the workpiece was also observed 
and imaged with the SEM. The surface generated was subsequently characterized with a 
white light interferometer (ZYGO). The cutting tool was then cleaned using a static-free 




 This chapter presented the selection criteria of the machines, cutting tools and 
workpiece materials used in the experiments. It also provided justification for the 
selection process used. The technical specifications of all equipment used in this 
investigation were also highlighted. In concluding this chapter, the experimental setups, 




EXPERIMENTAL RESULTS AND DISCUSSION 
 
Cutting experiments were conducted on the AL7075 and P20 workpieces as 
described in the experimental design and procedure sections of the previous chapter. The 
experimental data acquired during the cutting experiments are presented in detail in this 
chapter. In addition, plausible explanations of significant trends and observations from 
the cutting experiments are also offered for both materials. The discussion presented in 
the following sections include the cutting force, chip geometry, surface morphology of 
the machined workpieces as well as derived parameters using Merchant’s theory. 
 
4.1 Introduction 
 The following section offers a short introduction of the various areas that are 
widely studied in macro-scale mechanical cutting operations. The study of cutting forces, 
chip geometry, surface morphology and derived parameters using Merchant’s Theory 
have enabled researchers to better grasp the fundamental mechanisms in macro-scale 
cutting operations. Hence, this study will similarly focus on these key areas in the hope of 
revealing more insight into the basic operating mechanisms of micro and nano scale 
cutting operations. By focusing on these same areas, it would then allow for comparison 
of the experimental data acquired in this investigation with existing trends in macro-scale 
cutting operations. The comparison would then serve to offer insight into how micro and 
nano scale cutting operations differ from macro-scale cutting operations. 
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4.1.1 Cutting Forces 
 The study of cutting forces is essential as they provide information on process-
level phenomena observed in cutting operations. Cutting forces can be used to determine 
power consumption as well as to estimate tool wear, tool deflection and workpiece 
distortion. These derived parameters will provide researchers with more in-depth 
understanding of the dominating mechanism of micro and nano scale machining. These 
parameters also offer the necessary data and information for the proper design of machine 
tools for micro and nano scale machining. 
 
4.1.2 Chip Geometry 
 Chip geometry is another area where fundamental information on the cutting 
process can be obtained as the type of chip produced influences both the surface 
morphology and integrity. In addition, the cutting ratio, which is the ratio of the 
undeformed chip thickness to the deformed chip thickness, can also be obtained by 
observing the deformed chip under a high magnification optical device. The cutting ratio 
is then used to estimate the shear angle, φ, in the cutting process. 
 
4.1.3 Surface Morphology 
 Surface morphology has emerged as an important feature in many engineering 
applications, especially so in miniaturization technology. Many applications require 
miniaturized components to have extremely smooth functional surfaces. This serves to 
ensure that the dimensional accuracy of the fabricated component satisfies the required 
tolerance for subsequent assembly operations. A smooth functional surface also reduces 
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undesired vibrations in certain applications. The study of surface morphology in this 
investigation involves the characterization of the surface finish of the machined 
workpiece under pre-determined cutting conditions. This would offer a better 
understanding of the relationship between cutting conditions and surface generation when 
machining operations are performed at the micro and nano scale. 
 
4.1.4 Experimental Observations  
 The rake face and cutting edge radius of the tool were monitored during the 
cutting experiments. These observations served to provide plausible explanations for 
fluctuations in cutting forces as well as to detect possible tool wear, which might reduce 
the sharpness of the cutting tool during cutting experiments.  
 
4.1.5 Derived Parameters using Merchant’s Theory  
 The estimate of the shear angle, φ, and the measured cutting force can be 
employed to derive other cutting process parameters using Merchant’s Theory. Cutting 
process parameters such as shear stress, shear energy per unit volume and friction energy 
per unit volume can be evaluated. These derived cutting process parameters will offer an 
enhanced understanding of possible trends observed in micro and nano scale machining.  
 
4.2 Micro-/ Nano-Scale Machining of Aluminum 7075 
Micro and nano scale orthogonal dry cutting experiments were conducted within 
an undeformed chip thickness range of 10 - 2000 nm. The cutting experiments were 
conducted at two cutting speeds of 10 m/min and 150 m/min.  
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4.2.1 Cutting Forces and Size-Effect 
 4.2.1.1 Time Series Profile 
 A typical cutting force time series profile for cutting AL7075 at an undeformed 
chip thickness of 40 nm and a cutting speed of 10 m/min is shown in Figure 4.1. This 
time series profile is used to identify setup rigidity issues and also to determine the steady 
state force.  
The small oscillations in the observed signal can be attributed to environmental 
noise. The lack of large oscillations in the profile demonstrates that the setup is rigid and 
stable. It also reaffirms that possible sources of error such as runout have been 
minimized. The small oscillations can also be attributed to the rotation of the work 
spindle as well as the chip formation process during the cutting experiments.  
It is also observed from the profile that a transient engagement force is 
experienced by the tool, which is significantly greater than the steady state cutting force. 
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Figure 4.1: Force-Time Series Profile (AL7075) 
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4.2.1.2 Average Force Values and Trends 
 The steady state cutting and thrust force for AL7075 at each factor level was 
averaged over the five cutting experimental replications. The average force values 
represented in Tables B.1 and B.2 in Appendix B are for cutting speeds of 10 m/min and 
150 m/min, respectively. The measured force values for each cutting experiment are also 
provided in Tables B.3- B.12 of Appendix B. The data presented in Tables B.1 and B.2 
show the range and mean force values acquired during the cutting experiments. The data 
in Tables B.1 and B.2 are subsequently used to generate graphs of force as a function of 
undeformed chip thickness and these graphs are presented in Figures 4.2 and 4.3. The 
error bars shown in these graphs indicate the maximum and minimum cutting and thrust 
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Figure 4.2: Effect of Undeformed Chip Thickness on Cutting and Thrust Forces at a 
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Figure 4.3: Effect of Undeformed Chip Thickness on Cutting and Thrust Forces at a 
Cutting Speed of 150 m/min (AL7075) 
 
 Figures 4.2 and 4.3 illustrate that both cutting and thrust forces increase with an 
increase in the undeformed chip thickness. The magnitude of the cutting force is also 
greater than the magnitude of the thrust force at undeformed chip thicknesses greater than 
100 nm. However, when undeformed chip thickness is less than 100 nm, there is a 
reversal in magnitude between the cutting and thrust forces at both cutting speeds. 
The cutting force appears to be an increasing linear function for undeformed chip 
thicknesses greater than 100 nm at both cutting speeds. This linear trend in the cutting 
force is similar to existing cutting force trends observed in macro-scale cutting data 
(Zorev, 1966; Sato et al., 1991; Atkins, 2003). However, the thrust force increases at a 
slower rate than the cutting force and is seen to level off after an undeformed chip 
thickness value of 1000 nm at both cutting speeds. This trend is similarly reported by 
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Lucca et al. (1993) and Nakayama and Tamura (1968). A possible explanation for this 
leveling-off effect in the thrust force will be offered in the section on experimental 
observations as it can be explained by the smear marks left on the rake face of the 
diamond cutting tool.  
At undeformed chip thicknesses of less than 100 nm, the thrust force is observed 
to be greater than the cutting force at both cutting speeds. The graphs for undeformed 
chip thickness values ranging from 10 - 700 nm are presented in Figures 4.4 and 4.5 to 
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Figure 4.4: Effect of Undeformed Chip Thickness on Cutting and Thrust Forces at a 
Cutting Speed of 10 m/min (Magnified View of Undeformed Chip Thickness range from 
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Figure 4.5: Effect of Undeformed Chip Thickness on Cutting and Thrust Forces at a 
Cutting Speed of 150 m/min (Magnified View of Undeformed Chip Thickness range 
from 10 - 700 nm; AL7075) 
 
 Figures 4.4 and 4.5 illustrate a reversal of the cutting and thrust forces occurring 
at around 100 nm for both cutting speeds. This value of 100 nm falls in the range of 60 – 
100 nm, which is the estimated radius of the SCD tool. When cutting experiments are 
conducted at or below the cutting edge radius, the effective rake angle of the tool 
becomes negative (Manjunathaiah and Endres, 2000). At large effective negative rake 
angles, the cutting process becomes a ploughing dominant process (Albrecht, 1965; Wu, 
1988; Endres et al., 1995). In processes such as grinding and hard turning, where the 
effective rake angle is negative, the thrust force is typically higher than the cutting force. 
This trend is observed in existing macro-scale cutting data when cutting operations are 
performed using negative rake angle tools (Komanduri, 1971). Since the cutting edge 
radius of the SCD tool is estimated to be between 60 and 100 nm, the reversal in the 
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magnitude of the thrust force and cutting force at around this range is anticipated. 
Consequently, this observed trend in micro and nano scale cutting experiments is 
comparable to trends observed in macro-scale cutting operations. 
 At undeformed chip thicknesses that are equal to or less than the cutting edge 
radius, the cutting force does not follow a linear trend with a decrease in undeformed chip 
thickness at both cutting speeds. At cutting speeds of 10 m/min and 150 m/min, the 
cutting force data can be fitted to a curve of a second order polynomial function. This 
seems to suggest that cutting force decreases quadratically with a decrease in undeformed 
chip thickness for this material. This is consistent with existing literature where cutting 
force is assumed to vary non-linearly with a decrease in undeformed chip thickness 
(Atkins, 2005). 
 There is no noticeable trend observed in the thrust force at the cutting speed of 10 
m/min at undeformed chip thicknesses smaller than 100 nm. However, at the cutting 
speed of 150 m/min, the thrust force appears to decrease linearly with a decrease in 
undeformed chip thickness. Another observed trend is an increase in the thrust force at 
both cutting speeds when the undeformed chip thickness decreases from 100 nm to 70 
nm. 
 The effect of cutting speeds and undeformed chip thicknesses on cutting and 
thrust forces are illustrated in Figure 4.6. It is observed that the cutting speed does not 
have a significant effect on the cutting and thrust forces until an undeformed chip 
thickness of around 700 nm. Although there is a 15-fold increase in cutting speed, there is 
only a 15% decrease in the cutting force and a 50% decrease in thrust force at 
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Figure 4.6: Effect of Undeformed Chip Thickness and Cutting Speed on Cutting and 
Thrust Forces (AL7075) 
 
The graph of the force data for the undeformed chip thickness range of 10 - 700 
nm is re-produced in Figure 4.7 to observe the effect of cutting speed on force values. 
There appears to be no significant difference between the cutting and thrust forces 
acquired at the two cutting speeds. The cutting and thrust forces also seem to converge at 
approximately 0.4 N at an undeformed chip thickness value of 100 nm at both cutting 
speeds. However, further studies have to be conducted to provide a possible explanation 













0 100 200 300 400 500 600 700 800






Thrust Force 10 m/min
Cutting Force 10 m/min
Thrust Force 150 m/min
Cutting Force 150 m/min
Cutting Edge Radius
 
Figure 4.7: Effect of Undeformed Chip Thickness and Cutting Speed on Cutting and 
Thrust Forces (Magnified View from 10 nm to 700 nm; AL7075) 
 
4.2.1.3 Variability of Cutting Force Data 
 Variability of the force data was evaluated by calculating the spread of the data 
from the mean. The percentage of the maximum deviation of the force data from the 
mean force value for each factor level was evaluated and presented in Tables B.13 and 
B.14 in Appendix B for cutting speeds of 10 m/min and 150 m/min, respectively. At the 
cutting speed of 10 m/min, the average percentage deviation of the cutting and thrust 
forces from the mean force value are 15% and 21%, respectively. At the cutting speed of 
150 m/min, the average percentage deviation of the cutting and thrust forces from the 
mean force value is 14% and 37%, respectively.  
 The variability of the cutting and thrust forces can be attributed to the following 
factor. The edge radius of a commercial cutting insert varies along the edge (Schimmel, 
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2000). Edge preparation processes such as polishing are generally stochastic processes, 
and such processes cannot guarantee that the edge radius along the entire cutting edge is 
exact. Therefore, variations of 20 – 45% in edge radius along the cutting edge are not 
uncommon (Schimmel, 2000). These variations in the cutting edge radius could cause 
similar variations in the force data. In addition, variations in the edge radius along the 
cutting edge may have a greater influence on the force data at smaller undeformed chip 
thickness values. Possible sources of edge radius variations include the edge preparation 
process as well as smearing of the work material on the cutting tool during experiments. 
 The evaluated variability of the cutting and thrust forces for AL7075 experiments 
is between 14 – 37 % of the mean cutting and thrust forces at both cutting speeds. This is 
within the variability range suggested by Schimmel et al. (2000). Hence the variability 
observed in the cutting and thrust forces is within reasonable range. 
 
4.2.1.4 Size-Effect 
 The specific cutting and thrust energies were evaluated for all factor levels and 
the results are shown in Tables B.15 and B.16 in Appendix B. The data in Tables B.15 
and B.16 were subsequently used to generate graphs of specific energy as a function of 
undeformed chip thickness and cutting speed, which are presented in Figures 4.8 and 4.9. 
Figures 4.8 and 4.9 indicate that the specific cutting energy remains at a constant 
value of around 2 GPa until an undeformed chip thickness value of 100 nm. At 
undeformed chip thicknesses of less than 100 nm, the specific cutting energy increases 
significantly as the undeformed chip thickness decreases. A similar trend is also observed 
in the specific thrust energy. 
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The value of 100 nm lies approximately within the estimated range of the SCD 
tool’s edge radius. Hence, it can be inferred that the edge radius does influence the 
specific cutting energy when micro and nano scale cutting are performed. Although this 
observation is similar to trends observed by Lucca et al. (1991, 1993) in their 
experimental studies, numerous possible explanations for size-effect have since been 
proposed and described in Chapter 2 (Nakayama and Tamura, 1968; Dinesh et al., 2001; 
Shaw, 2003; Atkins, 2003; Joshi and Melkote, 2004). However, it is inconclusive at this 
point in time that the edge radius is the sole cause of the size-effect phenomenon 
observed in this investigation. Separate scientific investigations that consider the grain 
size, grain orientation and the strain gradient of the work material have to be conducted to 
provide a more conclusive cause of the size-effect phenomenon (Liu and Melkote, 2004). 
It is also observed from Figures 4.8 and 4.9 that the cutting speeds do not affect the 
specific cutting and thrust energies significantly. 
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y(10 m/min) = 67.995x
-0.5199
R2(10 m/min) = 0.8957
y(150 m/min)= 16.107x
-0.3159
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Figure 4.8: Effect of Undeformed Chip Thickness and Cutting Speed on Specific Cutting 
Energy (AL7075) 
 
y(10 m/min) = 206.88x
-0.7632
R2(10 m/min) = 0.9643
y(150 m/min) = 183.58x
-0.7843








0 250 500 750 1000 1250 1500 1750 2000
Undeformed Chip Thickness (nm)
Specifc Thrust Energy 10 m/min

















Figure 4.9: Effect of Undeformed Chip Thickness and Cutting Speed on Specific Thrust 
Energy (AL7075) 
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4.2.2 Chip Geometry 
4.2.2.1 Chip Chart 
 AL7075 chips were collected and imaged on an SEM at each factor level during 
the cutting experiments. Figures 4.10 and 4.11 show the chip chart of chips collected at 
selected factor levels. The complete chip chart for all factor level is presented in Figures 
B.1 and B.2 in Appendix B. 
 
 
Figure 4.10: AL7075 Chip Chart at Selected Undeformed Chip Thickness for Cutting 
Speed of 10 m/min. (a) 10 nm (b) 40 nm (c) 100 nm (d) 400 nm (e) 1000 nm (f) 2000 nm  
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Figure 4.11: AL7075 Chip Chart at Selected Undeformed Chip Thickness for Cutting 
Speed of 150 m/min. (a) 10 nm (b) 40 nm (c) 100 nm (d) 400 nm (e) 1000 nm (f) 2000 
nm 
 
 Figures 4.10 and 4.11 show continuous chips were collected for the entire range 
of the cutting experiment (10 nm – 2000 nm) at both cutting speeds. The chips produced 
at undeformed chip thicknesses of 10 nm – 100 nm at both cutting speeds are very thin 
and fragile. The chips collected within this range are powdery in nature, breaking and 
smearing easily upon contact. However, chips produced at undeformed chip thicknesses 
of greater than 400 nm are thicker and exhibit more strength than chips at smaller 
undeformed chip thicknesses. Hence, they are relatively easier to handle.  
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 It is noticed that the curl of the chip increases with increased undeformed chip 
thickness at both cutting speeds. The chip charts also illustrate that the cutting speed does 
exert an influence on the thickness of the chips produced during micro and nano scale 
cutting. The deformed chip thickness appears to be visibly thicker at a lower cutting 
speed. This is consistent with what occurs in macro-scale cutting.  
 
4.2.2.2 Chip Thickness 
 The deformed chip thickness was measured using an SEM after the cutting 
experiments. The chip was placed on the stage of the SEM with its side profile 
perpendicular to the optical imaging device in the SEM. Due to the fragility of the chip, it 
was impossible to ensure the orthogonality of the side of the chip with the optical 
imaging device. However, necessary actions were taken to ensure that the error 
mentioned was minimized.  
The side profile of the chip was subsequently imaged at high magnifications 
(5500x – 8000x) and an estimate of the deformed chip thickness then obtained from the 
image. An example of the image used for the measurement of the deformed chip 




Figure 4.12: Illustration of Chip Thickness Measurement for AL7075 
 
Figure 4.12 illustrates the chip thickness measurement when the cutting 
experiment was conducted at an undeformed chip thickness of 1700 nm and at a cutting 
speed of 10 m/min. The chip thickness can be estimated by measuring the width of the 
chip, as indicated by the white arrow in the image, and comparing it to the scale bar in the 
image. Five measurements at each factor level were made along each cross section and 
the values were averaged to characterize the average deformed chip thickness.  
The estimates of the deformed chip thickness, the maximum and minimum 
deformed chip thicknesses and the standard deviations of the measurements at each factor 
level are presented in Tables B.17 and B.18 in Appendix B. However, some entries are 
omitted from the tables because it was impossible to align the chip orthogonally to the 
imaging device in the SEM due to the fragility of the chips. Therefore, no measurements 
could be obtained at these factor levels and they are left as blank entries in the 
corresponding tables. The graph of the effect of the undeformed chip thickness and 
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Figure 4.13: Effect of Undeformed Chip Thickness and Cutting Speed on Deformed Chip 
Thickness (AL7075) 
 
 Figure 4.13 illustrates that the deformed chip thickness increases with an increase 
in the undeformed chip thickness for both cutting speeds. This observed trend is similar 
to that observed by Trent (1984) in macro-scale cutting operations. It is also noticed that 
the deformed chip thickness is only significantly influenced by the cutting speed at 
undeformed chip thicknesses greater than 1700 nm. This observation is consistent with 
the force data in Figure 4.6, which shows that cutting speed has a negligible influence on 
the cutting and thrust forces until an undeformed chip thickness exceeding 700 nm.  
After an undeformed chip thickness of 1000 nm, the deformed chip thickness at 
the cutting speed of 10 m/min increases more rapidly than at a cutting speed of 150 
m/min. Trent (1984) describes similar findings commenting that increases in cutting 
speed decrease both the cutting force as well as the deformed chip thickness. One 
possible explanation for this phenomenon is that an increase in cutting speed increases 
the cutting temperature, which in turn reduces the friction between the chip and tool rake 
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face. The reduction in friction reduces the restriction to motion as the chip translates 
along the tool rake face. As the restriction to motion decreases, it is apparent from the law 
of continuity that thinner deformed chips would be produced. An analysis of the friction 
coefficient of the cutting process demonstrates that the friction coefficient does indeed 
decrease with increasing undeformed chip thickness and cutting speed. The analysis of 
the friction coefficient which supports this explanation is presented in section 4.2.4.2. 
 
4.2.2.3 Shear Angle 
 The deformed chip thickness facilitates the evaluation of the shear angle in 
cutting. The shear angle is an essential parameter used for the derivation of other cutting 









= −      (4.1)  
where φ is the shear angle, r is the cutting ratio and α is the rake angle. The relationship 
between the cutting ratio, undeformed chip thickness and deformed chip thickness is 
described by Equation 4.2: 
ct
tr =       (4.2) 
where t is the undeformed chip thickness and tc is the deformed chip thickness. The rake 
angle of the SCD cutting tool is 0˚ for undeformed chip thicknesses greater than or equal 
to the edge radius of the tool. However, the effective rake angle is negative for cutting 
experiments where the undeformed chip thickness is smaller than the cutting edge radius. 
The effective rake angle for undeformed chip thicknesses smaller than the cutting edge 
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radius is estimated using a technique similar to that used by Nakayama and Tamura 
(1968). The effective rake angle of the cutting process is defined by the angle between 
the vertical axis and the tangent to the contact point between the cutting tool and the 
undeformed chip thickness as illustrated in Figure 4.14.  
 
 
Figure 4.14: Determination of Effective Rake Angle (After Nakayama and Tamura, 
1968)  
 
 Thus, the relationship between the effective rake angle, undeformed chip 
thickness and the cutting edge radius for undeformed chip thicknesses smaller than the 






= −1sinα      (4.3) 
where re is the value of the cutting edge radius, t is the deformed chip thickness and α is 
the effective rake angle. The edge radius of the SCD tool is assumed to be 60 nm when 
evaluating the shear angle. The effective rake angle determined using this technique was 
found to be in good agreement with the average rake angle model proposed by 
Manjunathaiah and Endres (2000).  
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 The average rake angle model proposed by Manjunathaiah and Endres (2000) 
uses the undeformed chip thickness, edge radius, nominal orthogonal rake of the tool and 
angle θ, which defines the separation point on the tool-chip contact, to predict the average 
rake angle. The tool-chip contact in a cutting process can either end on the rake face or 
the edge radius of the tool. Hence, two separate equations are used by Manjunathaiah and 
Endres to predict the average rake angle depending on the end point of the tool-chip 
contact. When the tool-chip contact point ends on the edge radius, the average predicted 























   (4.4) 
where γave is the predicted average rake angle, c is a constant greater than 1, h is the 
undeformed chip thickness, rn is the edge radius, θ is the angle which defines the 
separation point and γ0 is the nominal orthogonal rake angle of the tool.  
The cutting ratio, effective rake angle and the shear angle for AL7075 were 
evaluated and presented in Tables 4.1 and 4.2. The effect of undeformed chip thickness 
and cutting speed on both the cutting ratio and shear angle are illustrated graphically in 














Chip Thickness (nm) 
Effective rake 





10 455 -56.44 0.022 0.68 
40 605 -19.47 0.066 3.49 
70 568 0 0.123 7.02 
100  0   
400 1212 0 0.330 18.26 
700 1222 0 0.573 29.80 
1000 1485 0 0.673 33.94 
1400 2666 0 0.525 27.70 
1700 4632 0 0.367 20.15 
2000 12851 0 0.156 8.85 
 




Chip Thickness (nm) 
Effective rake 
angle, α (˚) Cutting ratio, r 
Shear Angle, 
φ (˚) 
10  -56.44   
40  -19.47   
70  0   
100 639 0 0.156 8.89 
400  0   
700 1887 0 0.371 20.35 
1000 2232 0 0.448 24.13 
1400 2253 0 0.621 31.85 
1700 2855 0 0.595 30.77 
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Figure 4.16: Effect of Undeformed Chip Thickness and Cutting Speed on Shear Angle 
(AL7075) 
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 Both the cutting ratio and shear angle increase with an increase in undeformed 
chip thickness of up to 1000 nm and 1500 nm for cutting speeds of 10 m/min and 150 
m/min, respectively. At undeformed chip thicknesses greater than the stated values, both 
the cutting ratio and shear angle decrease with subsequent increase in undeformed chip 
thickness. The cutting ratio is smaller at the cutting speed of 150 m/min when compared 
to that at 10 m/min in the undeformed chip thickness range of 100 - 1300 nm. Beyond 
1300 nm, the trend of the cutting ratio for the cutting speeds of 150 m/min and 10 m/min 
are reversed. Since the cutting ratio is derived from the ratio of the undeformed chip 
thickness to the deformed chip thickness, the trend observed in Figure 4.15 is consistent 
with that observed in Figure 4.13.  
  It has been proposed by Zorev (1966) that the observed trend in the cutting ratio 
can be attributed to changes in the friction coefficient between the work material and the 
tool rake face due to the formation of a built-up edge at a critical undeformed chip 
thickness. The formation of the built-up edge changes the rake angle and angle of action 
of the cutting process. Consequently, the chip deformation process also changes, resulting 
in the observed trend in the cutting ratio. Although there was no evidence of built-up 
edge formation, trends in the friction coefficient similar to those described by Zorev were 
observed in this study. In addition, Shaw (1984) also presented similar findings on the 
relationship between the friction coefficient, shear angle and cutting ratio. Hence, trends 
observed in the cutting ratio in the current study can be explained via Zorev’s and Shaw’s 
comments. Similar trends in the shear angle were also observed by Manjunathaiah and 
Endres (2000). 
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A possible explanation for the influence of cutting speed on the cutting ratio and 
shear angle is that an increase in cutting speed increases the cutting temperature, which in 
turn causes thermal softening of the workpiece material. The thermal softening of the 
workpiece material decrease the cutting and thrust forces. This decrease in cutting and 
thrust forces is a result of the increase in the shear angle. It is shown in Figure 4.6 that the 
cutting and thrust forces are not significantly reduced as a result of an increase in cutting 
speed until an undeformed chip thickness of around 700 nm. After 700 nm, the cutting 
force at 150 m/min is smaller than that at 10 m/min. Therefore it is anticipated that the 
shear angle of the cutting process at 150 m/min would only be higher than that at 10 
m/min after an undeformed chip thickness of 700 nm as shown in Figure 4.16.  
 
4.2.3 Surface Morphology 
 Surfaces generated at selected cutting conditions were imaged in an SEM. Figures 
4.17 and 4.18 show the surfaces generated at the selected cutting conditions.  
 A visual inspection of the surfaces indicate that cutting at low undeformed chip 
thickness produces smoother surfaces at both cutting speeds. It is also noticed that cutting 




Figure 4.17: Effect of Undeformed Chip Thickness on Surface Roughness – Cutting 




Figure 4.18: Effects of Undeformed Chip Thickness on Surface Roughness – Cutting 
Speed of 150 m/min (a) 40 nm (b) 400 nm (c) 1400 nm (d) 2000 nm (AL7075) 
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The surfaces generated were subsequently characterized using the Zygo white 
light interferometer. Areal surface roughness measurements were used to characterize the 
surface generated during the cutting experiments. Three-dimensional Sa and Sq roughness 
parameters were obtained from the measurements. A representative three-dimensional 
topographical map of the surface is presented in Figure 4.19. The results of the surface 
characterization are shown in Tables B.19 and B.20 in Appendix B. Graphical 
representations of the characterized surfaces are presented in Figures 4.20 and 4.21.  
 
 
Figure 4.19: 3-D Topography Map of Surface Generated at 150 m/min at an Undeformed 
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Figure 4.20: Effect of Undeformed Chip Thickness on Surface Roughness at Cutting 
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Figure 4.21: Effect of Undeformed Chip Thickness on Surface Roughness at Cutting 
Speed of 150 m/min (AL7075) 
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  At undeformed chip thicknesses greater than the edge radius of the tool, surface 
roughness increases linearly as illustrated in Figures 4.20 and 4.21. However, when 
cutting is performed at undeformed chip thicknesses smaller than the edge radius of the 
tool, the surface generated is rougher than that when undeformed chip thicknesses are 
greater than the edge radius of the tool. This can be attributed to the dominant effect of 
the ploughing process when cutting at undeformed chip thicknesses smaller than the edge 
radius of the tool. A ploughing process typically displaces the material sideways and 
ahead of the cutting tool. This process hence generates a surface which is typically 
rougher as compared to a surface generated by shearing of the work material. This 
observation is in agreement with observations from macro-scale cutting operations, 
where surface roughness generated generally increases with undeformed chip thickness.  
The variance in the measured surface roughness is fairly large. This variance can 
be attributed to the inclusions in the material as observed in Figure 4.17 and 4.18. The 
presence of the inclusions inevitably skews the areal surface characterization process. 
 
4.2.4 Experimental Observations  
4.2.4.1 Edge Radius of Cutting Tool  
 The edge radius of the tool was monitored and imaged on the SEM before and 
after each cutting experiment. The image of the cutting edge of a new tool is presented in 
Figure 3.10 in the previous chapter. However, due to smearing of the work material on 
the cutting tool during experiments, the subsequent images taken to characterize the edge 
radius of the tool are fuzzy under high magnification. These fuzzy images cannot be used 
to accurately determine the edge radius of the tool. 
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 However, the tool was subsequently used to conduct replications of the 
experiment. The force data gathered in subsequent cutting experiments show good 
agreement with previous replications. This indicates that the cutting tool is not worn nor 
adversely affected by the smearing of the work material on it. Hence, the edge radius of 
the tool is assumed to remain sharp with a measurement of 60 nm for the entire 
experimental investigation. 
 
4.2.4.2 Rake Face of Cutting Tool  
 The rake face of the SCD tool was monitored during cutting experiments. An 
image of the rake face taken after the experiment with an undeformed chip thickness of 
2000 nm at a cutting speed of 10 m/min is shown in Figure 4.22.  
 
 
Figure 4.22: SEM Image of the Rake Face of SCD Tool 
 
 Figure 4.22 shows evidence of smearing of the workpiece material on the rake 
face of the cutting tool. The smear marks can be used to estimate the tool chip contact 
length and thereby offer possible explanations for the increase in friction coefficient with 
decreasing undeformed chip thickness. By the same token, the smearing on the tool’s 
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rake face can also be used to explain the leveling-off effect of the thrust force observed in 
this study. 
 The friction coefficients were evaluated by taking the ratio of the of the cutting 
force to the thrust force for each factor level and are presented in Tables B.21 and B.22 in 
Appendix B. A graphical representation of the effects of cutting speed and undeformed 
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Figure 4.23: Effects of Undeformed Chip Thickness and Cutting Speed on Friction 
Coefficient (AL7075) 
 
The friction coefficient decreases at both cutting speeds as the undeformed chip 
thickness increases. It has been reported that an increase in friction with decreasing 
specimen size is observed in forging and extrusion processes. This phenomenon was 
studied by Tiesler (2002) and aptly termed “frictional size-effect.” This effect is similarly 
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observed in this experimental study, hence demonstrating that the frictional size-effect is 
also an occurrence in mechanical cutting processes. This frictional size-effect could be 
explained by the morphology of the surface generated and the smearing of the workpiece 
material on the rake face of the tool. 
The roughness of the surface generated increases when cutting at around or less 
than the value of the cutting edge radius, as shown in Figures 4.20 and 4.21. The rougher 
surface is likely to have increased the real area of contact between the chip and the tool 
rake face. This increase in real area of contact between the tool rake face and the chip 
contributes to an increase in friction force. This might be a possible reason for the 
frictional size-effect observed in Figure 4.23. 
Figures 4.24 and 4.25 show a selected series of SEM images of the SCD tool rake 
face at a cutting speed of 10 m/min. The complete series of SEM images of the cutting 
tool’s rake face at a cutting speed of 10 m/min is presented in Figure B.3 in Appendix B. 
The tool-chip contact length can be estimated from the length of the smear zone as shown 
in Figures 4.24 and 4.25. Figure 4.24 shows that the area of the region smeared by the 
work material increases non-linearly with increasing undeformed chip thickness. The 
smearing on the rake face increases significantly from the cutting edge as the undeformed 
chip thickness increases. It can be inferred from the series of SEM images that the tool-
chip contact length increases non-linearly with increasing undeformed chip thickness at 
small undeformed chip thicknesses. However, at large undeformed chip thicknesses, it is 
observed that the smear zone increases more or less linearly with increasing undeformed 
chip thickness, as seen in Figure 4.24. This observation is consistent with the 
experimental findings reported by Zorev (1966) in dry cutting of 20K free cutting steel. 
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Figure 4.24: SEM Image of the Rake Face of SCD Tool at Selected Undeformed Chip 




Figure 4.25: SEM Image of the Rake Face of SCD Tool at Selected Undeformed Chip 
Thickness - Cutting Speed of 10 m/min (a) 1000 nm (b) 1400 nm (c) 1700 nm (d) 2000 
nm 
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 It is evident from Figure 4.4 that the cutting force does not decrease linearly with 
decreasing undeformed chip thickness when transiting from a shearing to a ploughing 
process at small undeformed chip thicknesses. Hence, it seems likely that a non-linear 
decrease in cutting force and tool-chip contact area increases the normal pressure exerted 
on the tool-chip interface with decreasing undeformed chip thickness. The higher normal 
pressure exerted on the tool-chip interface might have increased the real contact surface 
area between the chip and the tool rake face. The increase in real contact surface area 
between the tool rake face and chip inevitably increases the frictional force between the 
two surfaces as the chip translates across the tool rake face. This results in higher 
frictional forces at small undeformed chip thicknesses. This might be a possible reason 
for the frictional-size effect observed at small undeformed chip thicknesses in Figure 
4.23.  
 However, at large undeformed chip thicknesses, the tool-chip contact length 
increases linearly with increasing undeformed chip thickness, as shown in Figure 4.25. 
Consequently, the normal pressure exerted on the tool-chip interface probably remains 
relatively constant at large undeformed chip thicknesses. Therefore, the real contact 
surface area between the chip and the tool rake face remains relatively uniform despite 
the increase in the tool-chip contact length. As a result, the frictional force between the 
tool and the chip stabilizes at large undeformed chip thicknesses. Hence, the friction 
coefficient also stabilizes at large undeformed chip thicknesses as observed in Figure 
4.23.  This might have resulted in the leveling-off effect in the thrust force observed in 
Figure 4.2. 
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 Figures 4.26 and 4.27 show another selected series of SEM images of the SCD 
tool rake face at a cutting speed of 150 m/min. The complete series of SEM images of the 
cutting tool rake face at a cutting speed of 150 m/min is presented in Figure B.4 in 
Appendix B. It is observed that smearing of the workpiece material on the tool rake face 
still occurs at this cutting speed. Comparisons between Figures 4.26 and 4.27 indicate 
that smearing on the rake face is more prominent at small undeformed chip thicknesses 
than at large undeformed chip thicknesses. This is contrary to the observation made at the 
cutting speed of 10 m/min.  
However, the trend observed in the tool-chip contact length in Figure 4.26 is 
comparable to that at a cutting speed of 10 m/min. Hence, the frictional size-effect 
observed at small undeformed chip thicknesses at the cutting speed of 150 m/min can be 
explained in a similar fashion with that at a cutting speed of 10 m/min. Smearing on the 
tool rake face also continues to occur at large undeformed chip thicknesses at the cutting 
speed of 150 m/min. The tool-chip contact length is not well-defined in the SEM images 
of the tool rake face as there are no distinct smearing zones, as shown in Figure 4.27. 
Although the tool-chip contact length is not well-defined, similar explanations will be 
used to describe the stabilizing of the friction coefficient since similar trends in the 




Figure 4.26: SEM Image of the Rake Face of SCD Tool at Selected Undeformed Chip 




Figure 4.27: SEM Image of the Rake Face of SCD Tool at Selected Undeformed Chip 
Thickness - Cutting Speed of 150 m/min (a) 1000 nm (b) 1400 nm (c) 1700 nm (d) 2000 
nm 
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There is also a slight decrease in the friction coefficient with an increase in the 
cutting speed as illustrated in Figure 4.23. This decrease in friction as a result of an 
increase in the cutting speed is in agreement with Trent’s (1984) observations. The 
increase in cutting speed is likely to have decreased the shear strength of the work 
material due to increase in cutting temperatures. The decrease in shear strength of the 
materials might have reduced the force required for the shearing of the chip at the tool-
chip interface. This reduction in the shearing force at the tool-chip interface might have 
led to the decrease in friction force at the higher cutting speed. Furthermore, the reduction 
in the friction coefficient is consistent with the observation of thinner deformed chips at 
the higher cutting speed of 150 m/min.  
 
4.2.5 Derived Parameters using Merchant’s Theory  
4.2.5.1 Shear Stress 
 The average shear stress values estimated from the cutting experiments at both 
cutting speeds are presented in Table 4.3. The nominal shear stress value obtained from 
the ASM Specialty Handbook for Aluminum and Aluminum Alloys is also presented in 
Table 4.3.  
 
Table 4.3: Estimated and Nominal Shear Stress Values (ASM Specialty Handbook for 
Aluminum and Aluminum Alloys) 
 10 m/min 150 m/min 
Average Shear Stress (MPa) 524.4 542.9 
Nominal Shear Stress (MPa) 330 
 





FF Tc ϕϕϕτ sinsincos −=  (4.5) 
Table 4.3 shows that the estimated average shear stress of the material from the 
cutting experiments is significantly higher than the nominal shear stress values obtained 
from the handbook. This is expected since the shear yield strength of the material would 
have to be exceeded in order for the work material to undergo plastic deformation. 
Furthermore, it is suggested by Atkins (2003) that the reason for high values of shear 
yield stress being derived at small undeformed chip thicknesses is due to the neglect of 
specific surface work during cutting analysis. It is noticed that the estimated average 
shear stress values are similar at both cutting speeds. This observation is consistent with 
the force data presented as the cutting force is not significantly influenced by the cutting 
speed until undeformed chip thickness of 1000 nm. Hence, the similarity in the evaluated 
shear stress values is consistent with the force data acquired 
 
4.2.5.2 Energy Per Unit Volume 
 Energy consumption during mechanical cutting processes is often evaluated in 
macro-scale machining operations. The total energy consumed offers useful information 
on the minimum energy required to effectively complete a particular machining task. The 
total energy per unit volume consumed in a cutting operation can be approximated by the 
sum of shear energy per unit volume consumed on the shear plane and the friction energy 
per unit volume consumed on the tool face. The relationship between these three 
parameters can be expressed by the following equation, Equation 4.6: 
 fs uuu +≈  (4.6) 
85 
where u is total energy per unit volume, us is the shear energy per unit volume consumed 
on the shear plane and uf is the friction energy per unit volume consumed on the tool 
face. 
 These parameters are evaluated and presented in Figures 4.28 and 4.29. It is 
observed that a large portion of the total energy per unit volume is consumed as shear 
energy on the shear plane at both cutting speeds. This observation is comparable to 
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Figure 4.28: Effects of Undeformed Chip Thickness on Total, Shear and Friction 
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Figure 4.29: Effects of Undeformed Chip Thickness on Total, Shear and Friction 
Energies Per Unit Volume – Cutting Speed of 150 m/min (AL7075) 
 
4.3 Micro-/ Nano-Scale Machining of P20 Mold Steel 
 Micro and nano scale orthogonal dry cutting experiments were conducted on P20 
mold steel over an undeformed chip thickness range of 0.3 - 2 µm on the Toshiba 
machine. The range of the undeformed chip thickness was subsequently extended from 5 
- 60 µm on the Hardinge lathe. The cutting experiments were conducted at cutting speeds 
of 10 m/min and 115 m/min, respectively. 
 
4.3.1 Cutting Forces and Size- Effect 
4.3.1.1 Time Series Profile 
 The cutting force time series profiles for undeformed chip thicknesses of 0.7 µm 
and 10 µm at a cutting speed of 10 m/min are shown in Figures 4.30 and 4.31. The two 
illustrations are representative time series profiles for P20 micro and nano scale cutting 
87 
experiments conducted on the Toshiba machine and Hardinge lathe. The time series 
profiles were similarly used to identify setup rigidity issues as well as to determine the 
steady state force as described in the corresponding section for AL7075.  
Figure 4.30 shows that the transient engagement force experienced by the tool is 
not significantly greater than the steady state cutting force. However, the time series 
profile shown in Figure 4.31 illustrates that the transient engagement force experienced 
by the tool is significantly greater than the steady state cutting force. Although the 
transient engagement force in both time series profiles differed, the time taken for both 
forces to settle into the steady state is comparable. 
It is also noticed that the time series profile obtained from an undeformed chip 
thickness of 0.7 µm exhibits more oscillations when compared to the 10 µm time series 
profile. These oscillations are the result of the ploughing mechanism since the cutting 
experiment was performed at undeformed chip thicknesses considerably smaller than the 
edge radius of the tool. This ploughing mechanism produces fragmented chips and 
generates rougher surfaces, which in turn plays a pivotal role in introducing undesired 
oscillations in the acquired force signal. A detailed elucidation of this observation will be 
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Figure 4.30: Force-Time Series Profile for Micro-/ Nano-Scale Cutting of P20 Steel 

























Figure 4.31: Force-Time Series Profile for Micro-/ Nano-Scale Cutting of P20 Steel 




4.3.1.2 Average Force Values and Trends 
 The steady state cutting and thrust forces for each factor level were averaged over 
the five cutting experimental replications. The average force values listed in Tables B.23 
and B.24 in Appendix B are for cutting speeds of 10 m/min and 115 m/min, respectively. 
The measured force values for each cutting experiment are also provided in Tables B.25 - 
B.34 of Appendix B. The data presented in Tables B.23 and B.24 show the range and the 
mean force values obtained during cutting experiments. The cutting force data in Tables 
B.23 and B.24 are graphed as a function of the undeformed chip thickness on a log-log 
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Figure 4.32: Effect of Undeformed Chip Thickness on Cutting and Thrust Forces at a 
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Figure 4.33: Effect of Undeformed Chip Thickness on Cutting and Thrust Forces at a 
Cutting Speed of 115 m/min (P20) 
  
It is observed from Figure 4.32 that at a cutting speed of 10 m/min, the cutting 
and thrust forces do not exhibit a linear trend at undeformed chip thicknesses of less than 
1 µm. Figure 4.33 shows that at the cutting speed of 115 m/min, both the cutting and 
thrust forces increase linearly with an increase in the undeformed chip thickness. The 
magnitude of the cutting force is also greater than the magnitude of the thrust force over 
the entire undeformed chip thickness range of the cutting experiment. The edge radius of 
the insert was estimated to be in the range of 5 – 15 µm. It was observed in the AL7075 
experiments that when cutting was conducted at undeformed chip thicknesses at or below 
the edge radius of the tool, the thrust force was generally larger than the cutting force. 
The possible explanations for this trend have been previously discussed. Hence, it should 
be anticipated that the thrust force will be greater than the cutting force at undeformed 
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chip thicknesses smaller than the edge radius of the tool. However, the reversal in the 
cutting and thrust forces does not occur at both cutting speeds. Therefore, this 
observation does not compare well with existing trends in macro-scale force data. 
In addition, Figure 4.32 shows that the cutting and thrust forces do not decrease 
linearly with a corresponding decrease in undeformed chip thickness at undeformed chip 
thicknesses smaller than 1 µm and at a cutting speed of 10 m/min. This observation is 
similar to that observed in the AL7075 experiments. The cutting and thrust forces also 
converge at approximately 5.8 N at an undeformed chip thickness of 0.3 µm. At 
undeformed chip thicknesses smaller than 0.3 µm at a cutting speed of 10 m/min, the 
process ceased to produce chips. The cutting insert merely rubbed against the workpiece, 
creating a high-pitched noise. This could be a probable explanation for the convergence 
of the cutting and thrust forces at 0.3 µm at the cutting speed of 10 m/min.  
However, at a cutting speed of 115 m/min, the cutting and thrust forces do not 
converge at 0.3 µm. Furthermore, the cutting and thrust forces decrease linearly with a 
corresponding decrease in undeformed chip thickness at undeformed chip thicknesses 
smaller than 1 µm. Although the trend illustrated in Figure 4.33 seems to suggest that the 
cutting experiments can be further conducted at undeformed chip thicknesses smaller 
than 0.3 µm, this was proven to be untrue. When further experiments were conducted at 
undeformed chip thicknesses smaller than 0.3 µm, the cutting process ceased to produce 
chips. 
The effect of cutting speed and undeformed chip thickness on the cutting and 
thrust forces is illustrated in Figure 4.34. It is observed that cutting speed does not have a 
significant effect on the cutting and thrust forces until an undeformed chip thickness of 
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around 5 µm. Although there is a 10-fold increase in cutting speed, there is only an 
average of 24% decrease in the cutting force. However, it is observed that there is a 
corresponding 20% increase in the thrust force.  
The decrease in the cutting and thrust forces as a result of the increase in cutting 
speed is a typical occurrence. This observation can be attributed to material softening due 
to an increase in cutting temperature as a direct result of the increase in cutting speed. 
However, increase in the thrust force with an increase in cutting speed is atypical since all 
other experimental conditions were held constant. A possible reason for such an 
occurrence is that an increase in the cutting speed changes the tool-chip interaction, 
which consequently increases the thrust force. The images of the tool rake face provided 
limited evidence since there were no visible smear marks left on the rake face. A 
subsequent analysis of the friction coefficient supported this explanation. The analysis 
indicates that the friction coefficient increased with an increase in cutting speed. Thus, 
the increase in thrust force is explained by the increase in the friction coefficient. The 
increase in friction coefficient can be attributed to a change in the tool-chip interaction 
due to the increase in cutting speed and temperature. Since frictional forces affect the 
thrust force significantly, it is not surprising that an increase in the frictional force causes 
an increase in the thrust force. Analyses of the images of the tool rake face and the 
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Figure 4.34: Effect of Undeformed Chip Thickness and Cutting Speed on Cutting and 
Thrust Forces (P20) 
 
4.3.1.3 Variability of Cutting Force Data 
Variability of the force data was evaluated by calculating the spread of the data 
from the mean. The maximum percentage deviation of the force data from the mean force 
value for each factor level was evaluated and presented in Tables B.35 and B.36 in 
Appendix B for cutting speeds of 10 m/min and 115 m/min, respectively. At a cutting 
speed of 10 m/min, the average percentage deviation of the cutting and thrust forces from 
the mean force value are 9% and 13%, respectively. At a cutting speed of 115 m/min, the 
average percentage deviation of the cutting and thrust forces from the mean force value is 
7% and 9%, respectively.  
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The trend in the variability of the cutting and thrust forces is similar to that 
observed in AL7075 cutting experiments. Hence, possible sources of this variability can 
be explained in a similar fashion as noted for AL7075. 
 
4.3.1.4 Size-Effect 
The specific cutting and thrust energies were evaluated for all factor levels and 
the results are shown in Tables B.37 and B.38 in Appendix B. The data in Tables B.37 
and B.38 were subsequently graphed as a function of undeformed chip thickness and 
cutting speed. The generated  graphs are presented in Figures 4.35 and 4.36. 
Figures 4.35 and 4.36 illustrate that the specific cutting energy remains at a 
constant value of around 5 GPa until an undeformed chip thickness value of 10 µm. At 
undeformed chip thicknesses of less than 10 µm, the specific cutting energy increases 
significantly. A similar trend is also observed in the specific thrust energy. The specific 
thrust energy surges when the undeformed chip thickness becomes smaller than 10 µm. 
The value of 10 µm is within the estimated range of the edge radius of the carbide 
insert used in the cutting experiment. In addition, the trend observed in the specific 
cutting and thrust energies for P20 steel is identical to the observation made in AL7075 
experiments. Since both the specific cutting and thrust energies increase drastically when 
cutting experiments were conducted below the cutting edge radius for both materials, it 
can be inferred from this study that the edge radius of the tool does have a significant 
influence on the size-effect phenomenon. However, it is imperative to again highlight that 
more scientific investigations are required to examine the specific contributions of the 
edge radius of the tool to the observed size-effect phenomenon. 
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It is also observed from Figures 4.35 and 4.36 that the cutting speed does not 
affect the specific cutting and thrust energies significantly. 
 
y(10 m/min) = 9.4346x
-0.2309
R2(10 m/min) = 0.8843
y(115 m/min) = 8.5942x
-0.267
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Figure 4.35: Effect of Undeformed Chip Thickness and Cutting Speed on Specific 
Cutting Energy (P20) 
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y(10 m/min)  = 6.4348x
-0.3596
R2(10 m/min)
  = 0.8929
y(115 m/min) = 6.0436x
-0.2625
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Figure 4.36: Effect of Undeformed Chip Thickness and Cutting Speed on Specific Thrust 
Energy (P20) 
 
4.3.2 Chip Geometry 
4.3.2.1 Chip Chart 
P20 steel chips were collected and imaged in an SEM and a digital camera for 
each factor level in the cutting experiments. Figures 4.37 and 4.38 show the chip chart of 
chips collected at selected factor levels. The complete P20 chip charts for all factor levels 
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Figure 4.37: P20 Chip Chart at Selected Undeformed Chip Thickness for Cutting Speed 
of 10 m/min. (a) 0.3 µm (b) 0.7 µm (c) 1.1 µm (d) 1.5 µm (e) 2 µm (f) 10 µm (g) 30 µm 
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Figure 4.38: P20 Chip Chart at Selected Undeformed Chip Thickness for Cutting Speed 
of 115 m/min. (a) 0.3 µm (b) 0.7 µm (c) 1.1 µm (d) 1.5 µm (e) 2 µm (f) 10 µm (g) 30 µm 




The chips collected at undeformed chip thicknesses ranging from 0.3 - 2 µm were 
fragmented and discontinuous at both cutting speeds. The chip charts also demonstrate 
that the width of the chips collected in this range varied despite the width of cut being 
held constant for the entire experiment.  
The effective rake angle for cutting experiments in the undeformed chip thickness 
range of 0.3 - 2 µm can be used to offer possible insight into this observation. The 
effective rake angle of the cutting processes fluctuated between -79.7º and -59.1º when 
cutting experiments in the undeformed chip thickness range of 0.3 - 2 µm were 
conducted. The range of the effective rake angle is considered to be highly negative. As 
highlighted and discussed in previous sections, the ploughing process becomes the 
dominant mechanism in the cutting process at very large negative rake angles. Since the 
ploughing process is somewhat stochastic in nature, the chips produced are generally 
discontinuous. The fragmentation of the chips during the micro and nano scale cutting 
experiments was also reflected as oscillations in the time series profile presented in 
section 4.3.1.1. 
The chips collected at the undeformed chip thickness range of 5 – 60 µm are 
continuous chips at both cutting speeds as shown in Figures 4.37 and 4.38. The chips 
collected at the higher cutting speed have a bluish tinge, indicative of high cutting 
temperatures. The curl of the chips collected at the cutting speed of 115 m/min is also 
larger than that at 10 m/min. 
 
4.3.2.2 Chip Thickness 
Since the micro and nano scale cutting experiments produced discontinuous and 
fragmented chips, no consistent and useful information could be obtained for the chip 
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thickness. Furthermore, one of the underlying assumptions of Merchant’s theory is that 
continuous chips are produced during the cutting experiments. Hence only deformed 
chips produced in the undeformed chip thickness range of 5 – 10 µm are examined in this 
section. The deformed chip thickness was measured using an optical microscope after the 
cutting experiments. The chips were imaged using the optical microscope as previously 
described in the corresponding section for AL7075. An example of the image used for the 
measurement of the deformed chip thickness is presented in Figure 4.39.  
 
 
Figure 4.39: Illustration of Chip Thickness Measurement for P20 Steel Chip 
 
Figure 4.39 illustrates the chip thickness measurement when the cutting 
experiment was conducted at an undeformed chip thickness of 50 µm and a cutting speed 
of 115 m/min. The estimates of the deformed chip thickness, the maximum and minimum 
deformed chip thickness and the standard deviations of the measurements at each factor 
level are presented in Tables B.39 and B.40 in Appendix B. The graph of the effect of the 
undeformed chip thickness and cutting speed on the deformed chip thickness is presented 
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Figure 4.40: Effect of Undeformed Chip Thickness and Cutting Speed on Deformed Chip 
Thickness (P20) 
 
Figure 4.40 shows that the deformed chip thickness increases as an increasing 
function of the undeformed chip thickness at the cutting speeds of 115 m/min. This is 
consistent with the trend observed in the AL7075 experiments and existing macro-scale 
machining data. However, at the cutting speed of 10 m/min, the deformed chip thickness 
increases with increasing undeformed chip thickness and then decreases after an 
undeformed chip thickness of 50 µm. The decrease in the undeformed chip thickness 
after 50 µm is surprising since both existing machining data and trends observed in this 
study indicate otherwise. It is also observed that at undeformed chip thicknesses of 40 µm 
and 50 µm, there are unusually high variations in measurement of the deformed chip 
thickness. This might indicate impending variations in the influence of some cutting 
conditions to the chip deformation process. This change to the chip deformation process 
might have been initiated at the undeformed chip thickness of 60 µm, which explains the 
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drastic drop in the deformed chip thickness. This could be a possible explanation for this 
anomaly.  
The increase in cutting speed also decreases the deformed chip thickness. This 
trend is in complete contrast to that observed in the AL7075 experiments. This is because 
the increase in cutting speed corresponds to an increase in the friction coefficient, 
contrary to the observations in the AL7075 experiments. If a similar explanation 
proposed in the corresponding section in AL7075 was to be used, the deformed chip 
thickness should decrease with the cutting speed. However, the relationship between 
friction coefficient and deformed chip thickness in this study, to be presented in section 
4.3.4.2, is not simple and direct. Various other cutting process parameters also exert 
significant influence on the chip deformation process. Furthermore, trends observed in 
cutting experiments are also workpiece material dependent. This increases the complexity 
in providing possible explanation for the trends observed. Therefore, to fully explain the 
relationships in the observed trend, further studies have to be conducted. 
 
4.3.2.3 Shear Angle 
The cutting ratio, rake angle and shear angle were evaluated using the same 
technique as described in the corresponding section for AL7075. These evaluated 
parameters are presented in Tables 4.4 and 4.5. The effect of undeformed chip thickness 
and cutting speed on the cutting ratio and shear angle are illustrated graphically in Figure 









Chip Thickness (µm) 
Effective rake 





5 5.7 -37.3 0.873 24.4 
10 11.9 -15.7 0.843 33.4 
20 54.9 5.0 0.613 32.8 
30 54.4 5.0 0.551 30.0 
40 106.8 5.0 0.374 21.1 
50 149.2 5.0 0.335 19.0 
60 65.5 5.0 0.916 44.8 
 




Chip Thickness (µm) 
Effective rake 
angle, α (˚) Cutting ratio, r 
Shear Angle, 
φ (˚) 
5 17.6 -39.9 0.467 10.4 
10 21.4 -18.7 0.945 21.0 
20 21.2 5.0 0.515 45.7 
30 58.2 5.0 0.601 28.3 
40 66.6 5.0 0.487 32.3 
50 102.7 5.0 0.575 26.9 
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Figure 4.42: Effect of Undeformed Chip Thickness and Cutting Speed on Shear Angle 
(P20) 
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At a cutting speed of 10 m/min the cutting ratio generally decreases with 
increasing undeformed chip thickness except at the undeformed chip thickness of 60 µm. 
At the undeformed chip thickness of 60 µm, the cutting ratio increases. At the cutting 
speed of 115 m/min, the cutting ratio increases initially, subsequently decreases and then 
fluctuates about a value of 0.5. The trends in the observed cutting ratio are similar to that 
observed in the AL7075 experiments with the exception of the anomaly at the 
undeformed chip thickness of 60 µm. The shear angle displayed a similar trend as the 
cutting ratio. It is comparable to the trends observed in the AL7075 experiments and 
existing machining data (Zorev, 1966; Shaw 1984; Manjunathaiah and Endres, 2000). 
 Although comparable trends in both cutting ratio and shear angle were observed 
in both cutting experiments, similar elucidations cannot be used to explain the 
observations. This is because further analysis revealed that the cutting speed has an 
opposite effect on the tool-chip interface friction coefficient for AL7075 and P20 steel. 
Hence, no logical explanations for the observed trends in the cutting ratio and shear angle 
in P20 experiment can be suggested. This is due to the lack of visual evidence on the tool 
rake face, estimates of tool-chip interface temperature and data on the behavior of P20 
with temperature fluctuations. Further experimental studies to determine these parameters 
might provide more insight and offer possible explanations for the observed trends. 
 
4.3.3 Surface Morphology 
 Surfaces generated at selected cutting conditions were imaged in an SEM and the 
Zygo white light interferometer for each factor level during the cutting experiments. A 
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Figure 4.43: 3-D Topography Map of Surface Generated at 115 m/min at an Undeformed 
Chip Thickness of 10 µm (P20) 
 
A visual inspection of the surfaces generated at the pre-determined cutting 
conditions revealed a similar trend to that in the AL7075 cutting experiments. Smoother 
surfaces were produced when the workpiece was machined at lower undeformed chip 
thicknesses and at higher cutting speeds. The surfaces generated displayed evidence of 
built-up edge formation during the cutting process. Figures 4.44 and 4.45 show the 
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Figure 4.44:  Effect of Undeformed Chip Thickness on Surface Morphology at a Cutting 
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Figure 4.45:  Effect of Undeformed Chip Thickness on Surface Morphology at a Cutting 
Speed of 115 m/min. Undeformed Chip Thickness: (a) 0.5 µm (b) 10 µm (c) 40 µm (d) 
60 µm (P20) 
 
The surfaces generated, as shown in Figures 4.44 and 4.45, were similarly 
characterized using the Zygo white light interferometer. The surface generated at an 
undeformed chip thickness of 60 µm at a cutting speed of 10 m/min is very rough. 
Consequently, the reflectivity of the surface generated is low and it cannot be 
characterized. The results of the surface characterization are shown in Tables B.41 and 
B.42 in Appendix B. Graphical representations of the characterized surfaces are 
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Figure 4.46: Effect of Undeformed Chip Thickness on Surface Roughness at a Cutting 
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Figure 4.47: Effect of Undeformed Chip Thickness on Surface Roughness at a Cutting 
Speed of 115 m/min (P20) 
110 
The trends observed in Figures 4.46 and 4.47 are similar to the trends observed in 
the AL7075 cutting experiments. Hence, similar explanations can be used to justify the 
trends observed.  
 
4.3.4 Experimental Observations  
4.3.4.1 Cutting Edge Radius of Cutting Tool  
The cutting edge radius of the carbide inserts were monitored and imaged on the 
SEM before and after each cutting experiment. Figure 4.48 shows the images of the 
cutting edge radius of the carbide insert after cutting experiments were conducted at 
undeformed chip thicknesses of 0.3 µm and 1.5 µm, respectively.  
 
 
(a)     (b) 
 
Figure 4.48: Effect of Undeformed Chip Thickness on Edge Radius – Cutting Speed of 
10 m/min. Undeformed Chip Thickness: (a) 0.3 µm (b) 1.5 µm 
 
 It can be observed from Figure 4.48 that there is no significant change in the 
cutting edge radius. Subsequent measurements of the cutting edge radius, presented in 
Tables A.5 and A.6, also indicate minimal variations of about 10 – 20% in the edge 
radius of the carbide insert when an insert is used for a single replication of cutting 
experiment. Hence, the influence of tool wear on the data acquired is not a major concern 
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in this study. Furthermore, new “up-sharp” inserts were used for each replication of the 
cutting experiment to eliminate this potential source of error. 
 
4.3.4.2 Rake Face of Cutting Tool  
 The rake faces of the carbide inserts were also monitored during the cutting 
experiments. An image of the insert’s rake face taken after the experiment at an 




Figure 4.49: SEM Image of the Rake Face of Carbide Insert 
 
 Figure 4.49 shows a typical image of the insert’s rake face for the entire range of 
P20 experiments. It reveals no evidence of smearing of the workpiece material on the 
rake face of the insert. Consequently, it is impossible to estimate the tool-chip contact 
length. The friction coefficients were subsequently evaluated for each factor level and are 
presented in Tables B.43 and B.44 in Appendix B. A graphical representation of the 
effect of cutting speed and undeformed chip thickness on the friction coefficient is shown 
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Figure 4.50: Effect of Undeformed Chip Thickness and Cutting Speed on Friction 
Coefficient (P20) 
 
 It is seen that the friction coefficient increases initially and then remains fairly 
constant for both cutting speeds. The friction coefficient also increases with an increase 
in the cutting speed. This observation does not compare well with the AL7075 micro and 
nano scale cutting experiments. However, it should be noted that friction is influenced by 
many factors such as the chemistry of the materials in contact, the cutting speed and the 
tool-chip interaction at pre-determined cutting conditions. Hence, direct comparisons 
cannot be made between the friction coefficient for the P20 experiments and the AL7075 
experiments since different workpiece material and tools are used. Furthermore, the lack 
of information regarding the tool-chip contact length also contributes to the complexity in 
offering possible explanations for this phenomenon.  
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 A possible explanation for the observation of the fairly constant friction 
coefficient at both cutting speeds is as follows. It is likely that the real area of contact 
between the chip and tool rake face remained constant as the undeformed chip thickness 
was increased. Since there is no change in the real area of contact between the chip and 
the tool rake face, the friction coefficient remained fairly constant. 
 The increase in friction coefficient with an increase in the cutting speed can also 
be explained in a similar fashion. It is observed from Figure 4.34 that the thrust force 
increased with an increase in the cutting speed. This might suggest that the increase in the 
cutting speed is likely to have led to an increase in the real area of contact between the 
tool and the chip. The increase in tool-chip interface contact area is likely to have 
increased the frictional force at the tool-chip interface. Hence, the effect of an increase in 
the cutting speed is an increase in the friction coefficient. 
 
4.3.5 Derived Parameters using Merchant’s Theory  
4.2.5.1 Shear Stress 
 The average shear stress values estimated from the cutting experiments at both 
cutting speeds for P20 steel using Equation 4.5 are presented in Table 4.6. The nominal 
shear stress values obtained from the Engineering Properties of Steel Handbook are 
presented in Figure 4.51. 
 
Table 4.6: Estimated Shear Stress Values From Cutting Experiments 
 10 m/min 115 m/min 
Average Shear Stress (MPa) 1384.4 820.7 
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Figure 4.51: Effects of Temperature on Yield Strength of P20 (After the Engineering 
Properties of Steel Handbook) 
 
 The shear yield strength of P20 varies significantly with temperature as shown in 
Figure 4.51. There is a large disparity observed between the average shear stress values 
evaluated from the cutting experiment at the cutting speed of 10 m/min and 150 m/min. 
The disparity in the evaluated shear stress values between the two cutting speeds can be 
explained as follows. It is evident from the color of the chips in the P20 chip charts 
shown in Figures 4.37 and 4.38 that at a cutting speed of 115 m/min, the cutting 
temperatures are significantly higher than that at the cutting speed of 10 m/min. Hence, 
the differences in the evaluated shear stress values are consistent with the chips shown in 
the P20 chip chart since the yield strength of P20 is lower at a higher temperature as 
shown in Figure 4.51. 
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4.2.5.2 Energy Per Unit Volume 
 Energy consumption parameters for P20 steel were also evaluated and are 
presented in Figures 4.52 and 4.53. It is observed that a large portion of the total energy 
per unit volume is consumed as shear energy on the shear plane at a cutting speed of 10 
m/min over all undeformed chip thicknesses except at an undeformed chip thickness of 
60 µm. This observation is similar to the trends observed in the AL7075 experiments. 
However, at a cutting speed of 115 m/min, shown in Figure 4.53, equal amounts of 
energy is consumed by the shearing process on the shear plane and by friction on the tool 
face as undeformed chip thickness is increased. Frictional forces are known to 
significantly affect the thrust forces. Hence, this observation is consistent with the trend 
in the thrust force data, which was shown to increase when the cutting speed was 
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Figure 4.52: Effect of Undeformed Chip Thickness on the Total, Shear and Friction 
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Figure 4.53: Effect of Undeformed Chip Thickness on the Total, Shear and Friction 
Energies Per Unit Volume – Cutting Speed of 115 m/min (P20) 
 
4.4 Summary 
 This chapter presented the experimental results acquired in this study. The 
experimental results presented include the cutting force, chip geometry, surface 
morphology, experimental observations and parameters derived using Merchant’s 
Theory. In addition, possible explanations for some of the phenomena observed were also 
proposed and discussed.  







• The cutting force exhibits a linear relationship with the undeformed chip 
thickness when micro and nano scale machining is conducted above the edge 
radius of the tool.  
• When the undeformed chip thickness is smaller than the edge radius of the tool, a 
non-linear variation in the cutting forces is observed.  
• The specific cutting and thrust energies increase significantly in a non-linear 
fashion when micro and nano scale machining is performed at undeformed chip 
thicknesses smaller than the edge radius of the tool.  
• The cutting speed has negligible effect on the cutting force at undeformed chip 
thicknesses less than 1 µm for both materials studied. 
 
Chip Geometry 
• Continuous chips are observed over the entire range of undeformed chip 
thicknesses (10 – 2000 nm) investigated for AL7075.  
• Continuous chips were only observed in the P20 cutting experiments at 
undeformed chip thicknesses greater than 2 µm.  
• The cutting ratio and shear angle increase initially and then decrease as the 
undeformed chip thickness is increased for both AL7075 (10 – 2000 nm) and P20 







• The surfaces generated in micro and nano scale machining exhibit similar surface 
roughness characteristics as those observed in macro-scale machining.  
• Machining at higher cutting speeds (150 m/min for A7075 and 115 m/min for P20 
steel) and lower undeformed chip thicknesses (40 nm for AL7075 and 10 µm for 
P20 steel) produces a smoother surface.  
• Machining when performed at undeformed chip thicknesses smaller than the edge 
radius of the tool generally creates rougher surfaces. 
 
Experimental Observations 
• Tool wear resulting in changes in the edge radius of the tool is not a vital issue in 
this study of micro and nano scale cutting.  
• Significant amount of smearing of AL7075 on the diamond cutting tool is 
observed.  




APPLICABILITY OF EXISTING PROCESS MODELS 
 
 Numerous cutting process models have been developed to analyze the complex 
behavior of cutting processes, as well as to predict cutting parameters. In this chapter, 
two machining process models will be used to predict the cutting process parameters 
micro and nano scale cutting. One of the process models is a conventional macro-scale 
process model developed by Oxley (Oxley’s Model) (1989). The second process model 
was proposed by Manjunathaiah and Endres (Endres’ Model) (2000), which predicts the 
cutting forces while taking into account the tool’s edge radius. The outline and 
justification of the choice of both Oxley’s model (1989) and Endres’ model (2000) will 
be presented. The experimental data presented in the preceding chapters will be used to 
verify the accuracy of the prediction. The applicability of both process models in 
predicting micro and nano scale cutting process parameters will then be discussed. 
 
5.1 Conventional Macro-Scale Process Model (Oxley’s Model)  
5.1.1 Oxley’s Model  
Oxley’s model (1989) is an analytical technique used for predicting machining 
process parameters such as cutting forces, shear angle and cutting temperatures using a 
material constitutive law. The model only requires the input of cutting conditions and the 
work material’s mechanical properties to predict the cutting process response. In 
addition, Oxley’s model is commonly applied to predict process responses in 
conventional macro-scale cutting and to obtain flow stress data for a material at high 
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strain rates and temperatures (Arsecularatne and Oxley, 1997; Lei et al, 1998; Shatla et 
al, 2001a, 2001b; Ramesh, 2002; Adibi-Saleh et al, 2003; Arsecularatne et al., 2004). 
Hence, Oxley’s model is selected because of its predictive nature and its relative 
simplicity in application. A brief outline of Oxley’s model is presented. 
The flow stress equation used in Oxley’s model is the Johnson and Cook (1983) 

















































εεσ ln1  (5.1) 
where σ is the flow stress, ε is the strain,ε&  is the strain rate, oε&  is a reference strain rate, 
T is the instantaneous temperature, Tm is the melting temperature of the material, T∞ is the 
ambient temperature and A, B, C, n and m are the material constants. 
 
 
Figure 5.1: Model of Chip Formation (Oxley, 1989) 
 
Figure 5.1 illustrates the chip formation model used in Oxley’s development. 
Oxley’s model analyzes the stress distribution along the shear plane AB and the tool-chip 
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interface BF in terms of parameters such as the shear angle φ and work material 
properties. A force balance between the resultant forces transmitted by the shear plane 
and the tool-chip interface yields a numerical solution for the shear angle φ. After the 
value of the shear angle φ is determined, other process parameters such as the deformed 
chip thickness and cutting forces can subsequently be derived from geometrical 
relationships and the material constitutive law (Johnson and Cook, 1983).  
Machining process variables required as inputs to the model include α, the 
effective rake angle, V, the cutting velocity, t, the undeformed chip thickness, w, the 
width of cut, Tw, the initial temperature of the work material and the material constants A, 
B, C, D, E, n and m. 
Simplifying assumptions were made in the formulation of the theory. Plane strain, 
steady state conditions are assumed to apply in the analysis. The cutting tool is also 
assumed to be perfectly sharp. 
A flowchart detailing the algorithm of Oxley’s model is presented in Figure 5.2. 
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Figure 5.2: Flowchart Detailing Algorithm used for Predicting Machining Forces Based 




 The material constants utilized as inputs to the Johnson and Cook equation for 
AL7075 were acquired from the experimental investigation by Lee et al. (2000). The 
material constants are summarized in Table 5.1. 
 
Table 5.1: Material Constants for AL7075 (Lee et al., 2000; 
•
ε  = 2400 s-1; 0 ≤ ε ≤ 0.4; 25 
ºC ≤ T ≤ 300ºC) 









 Additional material properties required as inputs to the model are listed in Table 
A.2 in Appendix A. The initial workpiece temperature is taken to be ambient room 
temperature of 25ºC. The effective rake angle, listed in Tables 4.1 and 4.2, is used instead 
of the nominal rake angle to account for the edge radius of the cutting tool. Oxley’s 
model was used to predict the cutting force, thrust force and shear angle for AL7075 at 
cutting conditions identical to that used in the cutting experiments described in section 
3.5. 
 
5.1.2.1 Cutting Forces 
 The predicted cutting and thrust force values are presented in Tables C.3 and C.4 
of Appendix C for cutting speeds of 10 m/min and 150 m/min, respectively. The 
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measured forces from the cutting experiments are provided in Tables C.1 and C.2 of 
Appendix C. The data presented in Tables C.1 – C.4 are also graphed as a function of 
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Figure 5.6: Effect of Undeformed Chip Thickness on Thrust Force – Cutting Speed 150 
m/min (AL7075) 
 
 Figures 5.3 – 5.6 show that predicted values of cutting and thrust forces do not 
match well with the experimental data. There are in fact significant differences between 
the predicted and acquired experimental values. The difference between the predicted and 
experimental values is less at the higher cutting speed of 150 m/min for both cutting and 
thrust forces. It is also observed that Oxley’s model consistently over-predicts both the 
cutting and thrust forces. 
Although significant difference exists between the predicted and experimental 
values, Figure 5.3 and 5.4 seem to suggest that Oxley’s model can be used to project the 
trend of the cutting force. However, there seems to be an increasing difference between 
the predicted and experimental values as the undeformed chip thickness is increased. 
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Oxley’s model is unable to predict the trend of the thrust force as shown in Figures 5.5 
and 5.6.  
Oxley’s model is also observed to break down at an undeformed chip thickness of 
100 nm. The strain rate coefficients presented in Tables C.3 and C.4 of Appendix C 
indicate that the strain rate coefficient changes from 8 to 8.5 when the undeformed chip 
thickness is reduced from 400 nm to 100 nm at a cutting speed of 10 m/min. Similarly, 
the strain rate coefficient also increases from 7.5 to 8 when the undeformed chip 
thickness is reduced from 400 nm to 100 nm at the cutting speed of 150 m/min. Since a 
model should use consistent material constitutive relation when predicting values 
(Schimmel et al., 2002), the model is considered to have failed when any of the constant 
coefficient changes value. Although it is expected that the strain rate might change with 
the undeformed chip thickness, the change in the strain rate may be reflected by a 
corresponding change in the shear velocity and the length of the shear plane and not in 
the material constant (strain rate coefficient). Hence, it can be inferred from the change in 
the strain rate coefficient that Oxley’s model has failed when used in predicting forces at 
an undeformed chip thickness of 100 nm.  
Furthermore, 100 nm is also within the estimated range of the edge radius of the 
SCD tool. This suggests that Oxley’s model can be used to predict cutting forces only for 
undeformed chip thicknesses larger than the edge radius of the tool. However, it is not 
surprising for Oxley’s model to fail under this condition since one of the underlying 
assumptions of the model is that the tool is sharp. 
The use of incompatible material constants for the Johnson and Cook equation 
could be a possible reason for the mismatch between the predicted and experimental 
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values. The material constants, as presented in Table 5.1, are acquired from Lee et al.’s 
(2000) experimental investigation. Although similar materials are used, experimental 
conditions might differ in both studies. Therefore, it is likely for the material to exhibit 
dissimilar stress strain behavior, strain rate effect and even respond differently to similar 
temperature effects. This might be a possible source of the disparity between the 
predicted and experimental values. Furthermore, the predicted values are closer to the 
experimental values at the higher cutting speed. This might indicate that the material 
constants used are perhaps a better match for the material behavior at the higher cutting 
speed of 150 m/min. 
 
5.1.2.2 Shear Angle 
The values of the predicted shear angle are presented Tables C.3 and C.4 of 
Appendix C for cutting speeds of 10 m/min and 150 m/min, respectively. The values of 
the shear angle estimated from the cutting experiment are provided in Tables C.1 and C.2 
in Appendix C. The shear angle data presented in Tables C.1 – C.4 are also graphed as a 
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Figure 5.8: Effect of Undeformed Chip Thickness on Shear Angle – Cutting Speed 150 
m/min (AL7075) 
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 Figures 5.7 and 5.8 show that the predicted values of the shear angle do not match 
well with the experimental data. There are again significant differences between the 
predicted and acquired experimental values. The predicted trend in the shear angle at both 
cutting speeds of 10 m/min and 150 m/min do not match the trend observed in the cutting 
experiments. A similar elucidation used to explain the disparities in the predicted and 
experimental values of the cutting and thrust forces can be used to explain the mismatch 
between the predicted and experimental values of the shear angle.  
 
5.1.3 P20 Steel  
The material constants utilized as inputs to the Johnson and Cook equation for 
P20 steel are acquired from the work by Shatla et al. (2001). The material constants are 
summarized in Table 5.2. 
 
Table 5.2: Material Constants for P20 Steel (Shatla et al., 2001; 2 × 104 ≤ 
•
ε  ≤ 8 × 105 s-1; 
0.9 ≤ ε ≤ 1.5; 600 ºC ≤ T ≤ 1200ºC) 









Similarly, additional material properties required as inputs to the model are listed 
in Table A.4 of Appendix A. The initial workpiece temperature is also taken to be 25ºC. 
The effective rake angle, presented in Tables 4.4 and 4.5, is used instead of the nominal 
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rake angle to account for the edge radius of the cutting tool. Oxley’s model was similarly 
used to generate the cutting force, thrust force and shear angle predictions for P20 steel 
cutting conditions identical to that used in the cutting experiments described in section 
3.5. 
 
5.1.3.1 Cutting Forces 
 The values of the predicted cutting and thrust forces are presented Tables C.7 and 
C.8 of Appendix C for cutting speeds of 10 m/min and 115 m/min, respectively. The 
measured forces are given in Tables C.5 and C.6 in Appendix C. The data presented in 
Tables C.5 – C.8 are also graphed as a function of the undeformed chip thickness and 
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Figure 5.12: Effect of Undeformed Chip Thickness on Thrust Force – Cutting Speed 115 
m/min (P20) 
 
Figures 5.9 – 5.12 show that the trends of the predicted values of cutting and 
thrust forces compare well with the experimental data. Although there are differences in 
the magnitude of the predicted forces, it is observed that Oxley’s model is able to predict 
the trend of the forces accurately for undeformed chip thicknesses greater than 10 µm. 
This is reflected by the approximately constant difference between the predicted and 
experimental values. It is also observed that Oxley’s model consistently under-predicts 
both the cutting and thrust forces with the exception of the thrust force at a cutting speed 
of 10 m/min.  
However, Oxley’s model fails when used to predict cutting forces at the 
undeformed chip thickness of 10 µm. This is reflected by the sudden deviation of the 
predicted value at the undeformed chip thickness of 10 µm, as shown in Figures 5.9 – 
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5.12. Additionally, the breakdown of the model is also reflected in the change in the 
strain rate coefficient (presented in Tables C.7 and C.8) at both cutting speeds. The value 
of 10 µm is also within the estimated range of the edge radius of the carbide insert used 
in the cutting experiments. Oxley’s model seems to fail at around the edge radius of the 
tool again. The breakdown of the model occurs identically at the cutting tool’s edge 
radius despite significant differences in the edge radius of the cutting tool used in the 
AL7075 and P20 experiments. The use of incompatible coefficients for the Johnson and 
Cook equation can again be used to explain the differences between the predicted and 
experimental values. 
 
5.1.3.2 Shear Angle 
The predicted shear angle values are presented in Tables C.7 and C.8 of Appendix 
C for cutting speeds of 10 m/min and 115 m/min, respectively. The values of the shear 
angle estimated from the cutting experiment are provided in Tables C.5 and C.6 of 
Appendix C. The shear angle data presented in Tables C.5 – C.8 are also graphed as a 
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Figure 5.14: Effect of Undeformed Chip Thickness on Shear Angle – Cutting Speed 115 
m/min (P20) 
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 Figure 5.13 shows that the prediction of the shear angle again does not match well 
with the experimentally acquired data at the cutting speed of 10 m/min. Although there 
are significant differences between the predicted and measured values, the error appears 
to reduce at undeformed chip thicknesses higher than 40 µm. Specifically, the predicted 
shear angle is observed to converge with the experimental values at undeformed chip 
thicknesses of 40 µm and 50 µm. However, there is an anomaly in the experimental trend 
of the shear angle at 60 µm. Hence, an increase in the difference between the predicted 
and experimental values is observed. 
 The shear angle prediction at the cutting speed of 115 m/min seems to be a better 
match with the experimental data, as illustrated in Figure 5.14. There is also a constant 
difference between the predicted and experimental values after an undeformed chip 
thickness of 30 µm. The general trend of the shear angle predicted using Oxley’s model 
also seem to compare well with the trend observed in the cutting experiments.  
 Additionally, it is noticed that an increase in the undeformed chip thickness 
improves the accuracy of prediction of the shear angle for the cutting process. This seems 
to imply that Oxley’s model is more applicable for predicting shear angles for as 
undeformed chip thickness is increased. The mismatch shown in Figure 5.13 and 5.14 can 
be attributed to similar elucidation provided previously to explain the mismatch between 






5.2 Edge-Radiused Tool Process Model (Endres’ Model)  
5.2.1 Endres’ Model 
The edge-radiused tool process model developed by Manjunathaiah and Endres 
(2000) is modified and used in this study to predict micro and nano scale machining 
forces. The model is selected because of its relative simplicity and capability to predict 
cutting forces without the need to conduct complex experimental work to determine input 
parameters. A brief outline of the Manjunathaiah and Endres’ model is presented. A 




Figure 5.15: Geometric Model of the Cutting Process with an Edge-Radiused Tool 
(Manjunathaiah and Endres, 2000) 
 
Figure 5.15 shows a tool of edge radius rn removing material of undeformed chip 
thickness h as measured from the bottom of the tool C (same as level D). Material 
flowing at the bottom level of the tool passes through point D and rises up to the chip 
separation point P on the edge radius of the cutting tool. The chip separation point P, 
where the flow separates, is defined by the separation angle θ. The vertical height of point 
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P is taken to be p, which is also referred to as the penetration depth and is a function of 
both θ and rn. The upper boundary of the deformation zone is bounded by the shear plane 
inclined at an angle φ. The lower boundary of the deformation zone below the tool is 
characterized by the angle ψ. The depth of deformation, δ, is hence related to the angle ψ. 
The machining force model is developed by conducting a force balance on the lower 
boundary of the deformation as illustrated by Figure 5.16. 
 
 
Figure 5.16: Force Balance on the Lower Boundary of the Shear Zone (Manjunathaiah 
and Endres, 2000) 
 
The force balance on the lower boundary of the shear zone yields the following 
equations of the force model. 
 ( ) ( ){ }SkrhphF nc δθφ 1sincot −−++−=  (5.2) 
 ( ) ( ){ }SkrhphF nT ψδθφ cot1sincot −++−−=  (5.3) 
A constant value 30 º for θ has been adopted in the force model based on prior 
analysis and experiments by Komanduri (1971). A constant value of 20º has also been 
assumed for ψ based on experimental analysis. The adopted values for the constant 
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parameters used in Endres’ model are summarized in Table 5.3 and will be used for the 
prediction of the cutting forces for both AL7075 and P20 steel.  
Through a simple orthogonal cutting experiment to determine the shear angle φ, 
the cutting and thrust forces, the values of S, shear stress, and k, normal stress factor, can 
be obtained. These values of S and k are subsequently adopted to be constants. Equations 
5.2 and 5.3 can then be employed to predict the cutting and thrust forces when the shear 
angle values are provided. 
 
Table 5.3: Constants used in Endres’ Model (Manjunathaiah and Endres, 2000) 
Parameter Value 
Inclination angle of deformation zone, ψ 20º 
Separation angle, θ 30º 
 
5.2.2 AL7075 
   Using the assumed values of ψ and θ as provided in Table 5.3, the shear stress 
coefficient, S, and the coefficient of the normal stress factor, k, were computed. The 
values of the coefficients of S and k were estimated from the cutting force, thrust force 
and shear angle measured at an undeformed chip thickness of 2000 nm during the cutting 
experiments. The estimated values of S and k at the two cutting speeds are presented in 
Tables 5.4 and 5.5, respectively. These coefficients are subsequently assumed as 






Table 5.4: Coefficient of S and k used in Endres’ Model – Cutting Speed 10 m/min for 
AL7075 (Estimated from Cutting Experiment) 
Parameter Coefficient 
Shear Stress, S (N/mm2) 206876 
Normal Stress Factor, k 0.5291 
 
 
Table 5.5: Coefficient of S and k used in Endres’ Model – Cutting Speed 150 m/min for 
AL7075 (Estimated from Cutting Experiment) 
Parameter Coefficient 
Shear Stress, S (N/mm2) 533756 
Normal Stress Factor, k 1.1467 
 
5.2.2.1 Cutting Forces 
 The predicted cutting and thrust forces are presented in Tables C.9 and C.10 of 
Appendix C for cutting speeds of 10 m/min and 150 m/min respectively. The force data 
presented in Tables C.1, C.2, C.9 and C.10 are also graphed as a function of the 
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Figure 5.20: Effect of Undeformed Chip Thickness on Thrust Force – Cutting Speed 150 
m/min (AL7075) 
143 
Figures 5.17 and 5.19 illustrate that the predicted cutting and thrust forces at the 
cutting speed of 10 m/min do not compare well with the experimental data. There are 
large differences between the predicted and experimental values. Similarly, the trend of 
the forces projected by Endres’ model at this cutting speed also does not match well with 
the experimental data. However, the predicted values of the cutting force at the cutting 
speed of 115 m/min matches better with the experimental values, as illustrated in Figure 
5.18. Both the predicted cutting force and the trend agree with the experimental data. 
Endres’ model is again unable to provide good predictions of the thrust force. It is also 
observed that Endres’ model under-predicts both the cutting and thrust forces. 
A possible explanation for this observation is as follows. The shear stress factor, 
S, is assumed to be constant when used in this study to predict forces. This assumption is 
made so that Endres’ model can be used in a predictive manner to obtain an estimate of 
the cutting and thrust forces. However, the shear stress, S, is shown by Manjunathaiah 
and Endres (2000) to decrease with increasing undeformed chip thickness. This variation 
in shear stress, S, is related to strain and strain rate hardening as a result of variations in 
the undeformed chip thickness. Hence, the assumption that shear stress, S, is constant 
might have produced the difference between the predicted and experimental data at the 
lower cutting speed. The shear stress, S, might probably assume a more constant value at 
the higher cutting speed of 150 m/min. Hence, the cutting force prediction matches better 





5.2.3 P20 Steel  
The estimated values for the constant parameters used in Endres’ model 
summarized in Table 5.3 are similarly used for the prediction of cutting forces for P20 
steel. The values of the coefficients of S and k are estimated in a similar fashion as that 
described in the preceding section. The cutting force, thrust force and shear angle 
measured at an undeformed chip thickness of 60 µm at both cutting speeds are used to 
compute the coefficient of S and k. The coefficient of S and k for the two cutting speeds 
are presented in Tables 5.6 and 5.7. These coefficients are similarly assumed as constants 
in Endres’ model to predict the cutting and thrust forces for all other factor levels. 
 
Table 5.6: Coefficient of S and k used in Endres’ Model – Cutting Speed 10 m/min for 
P20 Steel (Estimated from Cutting Experiment) 
Parameter Coefficient 
Shear Stress, S (N/mm2) 1005000 
Normal Stress Factor, k 0.827 
 
Table 5.7: Coefficient of S and k used in Endres’ Model – Cutting Speed 115 m/min for 
P20 Steel (Estimated from Cutting Experiment) 
Parameter Coefficient 
Shear Stress, S (N/mm2) 1250830 
Normal Stress Factor, k 2.463 
 
5.2.3.1 Cutting Forces 
The predicted cutting and thrust forces are presented in Tables C.11 and C.12 of 
Appendix C for cutting speeds of 10 m/min and 115 m/min, respectively. The force data 
presented in Tables C.5, C.6, C.11 and C.12 are also graphed a function of the 
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Figure 5.24: Effect of Undeformed Chip Thickness on Thrust Force – Cutting Speed 115 
m/min (P20) 
147 
Figure 5.21 illustrates that the predicted values of cutting force at the cutting 
speed of 10 m/min compare quite well with the experimental data. The predicted cutting 
force converges with the experimental data after an undeformed chip thickness of 40 µm.  
In the undeformed chip thickness range of 5 - 30 µm, there is a constant difference (40%) 
between the predicted and experimental values. The projected trend of the cutting force 
within this range also matches quite well with the trend exhibited by the experimental 
data. At the cutting speed of 115 m/min, the predicted cutting force matches the 
experimental data. Endres’ model is able to provide reasonably good estimates of the 
cutting force at the cutting speed of 115 m/min, as illustrated in Figure 5.22. 
Figures 5.23 and 5.24 reiterate the point that Endres’ model is unable to provide 
good estimates for the thrust forces. The predictions of the thrust forces at both cutting 
speeds do not compare well with the experimental values. Although Endres’ model can 
be used to generate good estimates of the cutting force for P20 steel, the model is unable 
to provide accurate predictions of the thrust forces, similar to that observed in the study 
of AL7075. A possible explanation for this discrepancy is the assumption of a constant 
value for the shear stress, S, over the entire range of undeformed chip thicknesses used in 
the experiments.  
 
5.3 Comparison of Models 
 Oxley’s and Endres’ models are compared and contrasted in this section to 
determine the applicability of both models in predicting process responses in micro and 
nano scale cutting.  
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5.3.1 AL7075  
 Oxley’s model consistently over-predicted the cutting and thrust forces at both 
cutting speeds as shown in Figures 5.3 – 5.6. Endres’ model, on the other hand, 
consistently under-predicted the cutting and thrust forces at both cutting speeds, shown in 
Figure 5.17 – 5.20. At the cutting speed of 10 m/min, both Oxley’s and Endres’ models 
were unable to predict the trend of the cutting and thrust forces. However, both Oxley’s 
and Endres’ models were able to predict the trend of the cutting force at the cutting speed 
of 150 m/min. Nevertheless, Endres’ model is more applicable at the cutting speed of 
150m/min because it was able to predict the cutting force more accurately. 
 Both Oxley’s and Endres’ model were unable to provide good predictions of the 
thrust force at both cutting speeds. The predicted thrust forces do not match well with the 
experimental data results. There are significant differences between the predicted and 
experimental values at both cutting speeds. 
 In general, the applicability of both process models is limited when used in 
predicting micro and nano scale cutting of AL7075. The predicted and experimental 
values of both the cutting and thrust forces do not match well over a wide range of 
cutting conditions.  
 
5.3.2 P20  
 Oxley’s and Endres’ models were able to accurately predict the trend of the 
cutting force at the cutting speed of 10 m/min, shown in Figure 5.9 and 5.21. Although 
both models can be used to predict the trend of the cutting force at the cutting speed of 10 
m/min, there are still differences between the predicted and experimental values. 
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 Endres’ model was able to better predict the cutting force at the cutting speed of 
115 m/min, shown in Figure 5.22. However, there was a small deviation of the predicted 
values from the experimental data between 10 – 20 µm. Oxley’s model was again unable 
to accurately predict the cutting force at the cutting speed of 115 m/min, shown in Figure 
5.10. However, it was able to predict the trend of the cutting force, showing a constant 
difference of 30% between the predicted and experimental values. 
 Both Oxley’s and Endres’ model were unable to accurately predict the thrust force 
at both cutting speeds. However, Oxley’s model was able to predict the trend of the thrust 
force at both cutting speeds.  
 In general, Oxley’s model seems to be more applicable over the undeformed chip 
thickness range of 5 – 60 µm for P20 steel since it was shown to be able to provide good 
predictions of the trend of both the cutting and thrust forces. 
 
5.4 Summary 
 Two process models, namely Oxley’s model and Endres’ model were used to 
predict cutting forces and shear angle in this chapter. The predicted cutting process 
responses were then compared with the experimental data obtained in this study. The 
applicability of both process models in predicting micro and nano scale cutting process 
responses was also discussed. 
The main findings in this chapter can be summarized as follows: 
• Oxley’s model was unable to accurately predict cutting force, thrust force 
and shear angle in micro and nano scale cutting of AL7075 over the 
undeformed chip thickness range of 10 nm – 2000 nm. 
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• Oxley’s model was able to predict the trend in the cutting force, thrust force 
and shear angle in micro scale cutting of P20 steel over the undeformed chip 
thickness range of 5 µm – 60 µm.  
• Oxley’s model was observed to break down at around the estimated cutting 
edge radius of the tool for both AL7075 and P20 steel. 
• Endres’ model was only able to give good predictions of the cutting force at 
the cutting speed of 150 m/min for AL7075 over the undeformed chip 
thickness range of 10 nm – 2000 nm. 
• Endres’ model was only able to give good predictions of the cutting force 
but not the thrust force for P20 steel over the undeformed chip thickness 




CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusions  
 This experimental investigation demonstrated the effects of undeformed chip 
thickness and cutting speed on cutting forces, chip geometry and surface morphology 
during mechanical cutting of AL7075 and P20 at the micro and nano scale. Some of the 
significant findings from this study can be summarized as follows: 
 
• Micro and nano scale cutting exhibit comparable trends in chip geometry and 
surface morphology to those observed in macro-scale cutting.  
• The edge radius of the cutting tool is observed to influence the cutting process 
significantly when micro and nano scale machining was conducted.  
• Deviations of micro and nano scale machining trends from conventional macro-
scale machining trends initiate at or around the edge radius of the cutting tool for 
both materials studied.  
• The applicability of the selected process models in predicting cutting forces and 
shear angle in micro and nano scale machining is limited.  
 
A more detailed summary of the essential findings on the effects of cutting conditions 
on the cutting forces, chip geometry, machined surface morphology, experimental 
observations and applicability of process model for both AL7075 and P20 steel are 
provided in the following sections. 
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6.1.1 Cutting Forces 
• The cutting force exhibits a linear relationship with the undeformed chip 
thickness when micro and nano scale machining is conducted above the edge 
radius of the tool.  
• When the undeformed chip thickness is smaller than the edge radius of the tool, a 
non-linear variation in the cutting forces is observed.  
• The specific cutting and thrust energies increase significantly in a non-linear 
fashion when micro and nano scale machining is performed at undeformed chip 
thicknesses smaller than the edge radius of the tool.  
• The cutting speed has negligible effect on the cutting force at undeformed chip 
thicknesses less than 1 µm for both materials studied. 
 
6.1.2 Chip Geometry 
• Continuous chips are observed over the entire range of undeformed chip 
thicknesses (10 – 2000 nm) investigated for AL7075.  
• Continuous chips were only observed in the P20 cutting experiments at 
undeformed chip thicknesses greater than 2 µm.  
• The cutting ratio and shear angle increase initially and then decrease as the 
undeformed chip thickness is increased for both AL7075 (10 – 2000 nm) and P20 






6.1.3 Surface Morphology 
• The surfaces generated in micro and nano scale machining exhibit similar surface 
roughness characteristics as those observed in macro-scale machining.  
• Machining at higher cutting speeds (150 m/min for A7075 and 115 m/min for P20 
steel) and lower undeformed chip thicknesses (40 nm for AL7075 and 10 µm for 
P20 steel) produces a smoother surface.  
• Machining when performed at undeformed chip thicknesses smaller than the edge 
radius of the tool generally creates rougher surfaces. 
 
6.1.4 Experimental Observations 
• Tool wear resulting in changes in the edge radius of the tool is not a vital issue in 
this study of micro and nano scale cutting.  
• Significant amount of smearing of AL7075 on the diamond cutting tool is 
observed.  
• Frictional size effect is also observed in the AL7075 cutting experiment. 
 
6.1.5 Applicability of Process Models 
• Oxley’s model is unable to accurately predict cutting force, thrust force and shear 
angle in micro and nano scale cutting of AL7075 over the undeformed chip 
thickness range of 10 nm – 2000 nm. 
• Oxley’s model is able to predict the trend in the cutting force, thrust force and 
shear angle in micro scale cutting of P20 steel over the undeformed chip thickness 
range of 5 µm – 60 µm.  
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• Oxley’s model is observed to break down at around the estimated cutting edge 
radius of the tool for both AL7075 and P20 steel. 
• Endres’ model is only able to give good predictions of the cutting force at the 
cutting speed of 150 m/min for AL7075 over the undeformed chip thickness range 
of 10 nm – 2000 nm. 
• Endres’ model is only able to give good predictions of the cutting force but not 
the thrust force for P20 steel over the undeformed chip thickness range of 5 µm – 
60 µm. 
 
6.2 Current Limitations in Micro-/ Nano-Machining  
The lack of developed metrology techniques and process models to accurately 
predict process parameters in micro and nano scale processes are the two main limitations 
in the advancement of the understanding of micro and nano scale machining operations. 
Metrology techniques are vital in scientific investigation in the area of micro and nano 
scale machining. Numerous measurements have to be made during micro and nano scale 
cutting experiments to accurately quantify and explain observed trends. Current 
limitations in micro and nano scale machining are summarized as follows: 
 
6.2.1 Metrology Techniques 
• There are currently no developed and reliable metrology techniques that can be 
used to accurately measure shear angle, deformed chip thickness, edge radius of 
the cutting tool and the cutting temperatures at micro and nano scale.  
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• Non-contact imaging measurement techniques such as that used in this study 
present accuracy issues.  
 
6.2.2 Process Models 
• There is currently a lack of process models for micro and nano cutting that can 
accurately predict cutting process responses such as forces over a wide range of 
cutting conditions.  
• Current commercial finite element software packages such as Third Wave 
Systems AdvantEdge® and DEFORM® 2D cannot be used to simulate the micro 
and nano scale cutting process. These softwares are unable to generate sufficient 
elements within the area of interest to analyze cutting process at very small length 
scale (less than 1µm).  
 
6.3 Recommendations for Future Work 
 Analysis of the experimental data suggests that the edge radius has considerable 
influence on machining forces and size-effect in the specific cutting energies. However, 
the edge radius of the cutting tool is kept constant in both experimental investigations in 
this study. Hence, studying the effect of varying the edge radius of the cutting tool on 
machining forces and specific cutting energies is proposed. This would provide a more 
conclusive response to the specific contribution of the edge radius in micro and nano 
scale cutting experiments. In addition, studying the effect of varying the grain size of the 
work material on machining forces and specific cutting energies is also proposed. This is 
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because the microstructure of the work material has also been put forth as a possible 
cause for the size-effect phenomenon observed in the specific cutting energies. 
 Micro and nano scale metrology is an area where there is a pressing need for 
further development. As highlighted in the preceding section, accurate measurement of 
parameters such as shear angle, deformed chip thickness, edge radius of the cutting tool 
and cutting temperatures are vital for the advancement of our knowledge of micro and 
nano scale machining operations. Current measurement techniques are inadequate for 
providing precise and accurate quantification of the afore-mentioned parameters with 
little uncertainty. Hence, development of metrology techniques would no doubt improve 
the accuracy and reliability of the trends observed in micro and nano scale machining.  
The measurement and analysis of cutting temperatures in micro and nano scale 
machining is also another area for future research. This would significantly aid the 
development of predictive models for cutting temperatures in micro and nano scale 
machining. On the same note, the development of thermo-mechanical machining process 
models that are not computationally intensive and yet capable of accurately describing 
the material behavior and predicting cutting process parameters in micro and nano scale 
machining should also be further pursued. 
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APPENDIX A: MACHINE, TOOL AND 




Figure A.1: Technical Specifications of the Toshiba ULG-100C (H3) Machine 
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Figure A.4: Technical Specifications of the ZYGO NewView 200 
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Figure A.7: Dimension of Single Crystal Diamond Tool 
 
 
Figure A.8: Dimension of Carbide Inserts 
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Figure A.9: Dimensions of Holder 
 
 
Figure A.10: Dimensions of Workpiece 
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Table A.1: Material properties of AL7075 
Physical Properties Metric 





Hardness, Brinell 150 
Hardness, Knoop 191 
Hardness, Rockwell A 53.5 
Hardness, Rockwell B 87 
Hardness, Vickers 175 
Ultimate Tensile Strength 572 MPa 
Tensile Yield Strength 503 MPa 
Elongation at Break 11% (AA; Typical; 1.6 mm Thickness) 
Elongation at Break 11% (AA; Typical; 12.7 mm Diameter) 
Modulus of Elasticity 71.7 GPa 
Poisson’s Ratio 0.33 
Fatigue Strength 159 MPa 
Fracture Toughness 20 MPa-m ½; K(IC) in S-L direction 
Fracture Toughness 25 MPa-m ½; K(IC) in T-L direction 
Fracture Toughness 29 MPa-m ½; K(IC) in L-T direction 
Machinability 70% 
Shear Modulus 26.9 GPa 










CTE, linear 68°F 23.6 µm/m-°C 
CTE, linear 250°C 25.2 µm/m-°C 
Heat Capacity 0.96 J/g-°C 
Thermal Conductivity 130 W/m-K 
Melting Point 477 – 635 °C 
Solidus 477 °C 





Table A.2: Material Properties of P20 
Physical Properties Metric 





Hardness, Brinell 300 
Machinability 80% 
Hardness, Rockwell C 30 
Tensile Strength, Ultimate 965 – 1030 MPa 
Tensile Strength, Yield 827 – 862 MPa 
Shear Strength, Yield 785 – 1490 MPa 
Elongation at Break 20% 
Modulus of Elasticity 205 GPa 
Compressive Strength 862 MPa 





CTE, linear 68°F 12.8 µm/m-°C 
Melting Point 1427 °C 
Specific Heat 460 J/kg°C 
Coefficient of Thermal Expansion 29 J/m.s.°C 













Table A.3: Cutting Edge Radius of Carbide Inserts at Each Undeformed Chip Thickness 
– Cutting Speed of 10 m/min 





























Table A.4: Cutting Edge Radius of Carbide Inserts at Each Undeformed Chip Thickness 
– Cutting Speed of 115 m/min 
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171 

















10 0.366 0.378 0.358 0.536 0.559 0.520 
40 0.337 0.361 0.321 0.450 0.476 0.433 
70 0.471 0.526 0.389 0.585 0.613 0.544 
100 0.398 0.613 0.326 0.410 0.702 0.316 
400 0.750 0.930 0.664 0.556 0.779 0.426 
700 1.467 1.694 1.361 0.900 1.116 0.821 
1000 1.932 2.018 1.774 1.051 1.165 0.857 
1400 2.672 2.766 2.472 1.453 1.547 1.193 
1700 3.006 3.095 2.866 1.460 1.563 1.295 
2000 3.348 3.465 3.209 1.466 1.598 1.289 
 

















10 0.078 0.104 0.057 0.303 0.563 0.116 
40 0.155 0.180 0.137 0.429 0.754 0.233 
70 0.373 0.426 0.339 0.540 0.789 0.386 
100 0.438 0.492 0.391 0.409 0.496 0.357 
400 0.813 0.950 0.724 0.589 0.729 0.417 
700 1.447 1.765 1.250 0.735 0.964 0.525 
1000 1.786 1.936 1.614 0.827 1.029 0.579 
1400 2.309 2.470 2.160 0.893 1.038 0.750 
1700 2.625 2.704 2.492 0.944 1.018 0.746 














10 0.358 0.52 
40 0.321 0.433 
70 0.526 0.613 
100 0.613 0.702 
400 0.93 0.779 
700 1.694 1.116 
1000 2.003 1.102 
1400 2.729 1.457 
1700 3.027 1.48 
2000 3.301 1.395 
 








10 0.378 0.559 
40 0.361 0.476 
70 0.389 0.544 
100 0.337 0.316 
400 0.664 0.485 
700 1.361 0.822 
1000 1.774 0.857 
1400 2.472 1.193 
1700 2.866 1.295 














10 0.358 0.52 
40 0.321 0.433 
70 0.526 0.613 
100 0.326 0.329 
400 0.682 0.426 
700 1.422 0.868 
1000 1.909 1.05 
1400 2.698 1.531 
1700 3.095 1.563 
2000 3.465 1.598 
 








10 0.378 0.559 
40 0.361 0.476 
70 0.389 0.544 
100 0.342 0.34 
400 0.741 0.546 
700 1.427 0.873 
1000 2.018 1.165 
1400 2.766 1.539 
1700 3.071 1.501 














10 0.358 0.520 
40 0.321 0.433 
70 0.526 0.613 
100 0.372 0.361 
400 0.734 0.543 
700 1.429 0.821 
1000 1.958 1.080 
1400 2.695 1.547 
1700 2.970 1.459 
2000 3.327 1.480 
 








10 0.068 0.256 
40 0.137 0.380 
70 0.360 0.508 
100 0.391 0.357 
400 0.724 0.417 
700 1.250 0.525 
1000 1.614 0.579 
1400 2.160 0.750 
1700 2.492 0.746 














10 0.087 0.449 
40 0.18 0.754 
70 0.393 0.789 
100 0.429 0.496 
400 0.747 0.539 
700 1.343 0.618 
1000 1.692 0.689 
1400 2.259 0.814 
1700 2.635 0.936 
2000 3.021 0.979 
 








10 0.104 0.563 
40 0.138 0.535 
70 0.346 0.509 
100 0.43 0.426 
400 0.843 0.664 
700 1.478 0.838 
1000 1.861 0.946 
1400 2.398 0.981 
1700 2.704 1.014 














10 0.076 0.133 
40 0.161 0.241 
70 0.426 0.510 
100 0.492 0.373 
400 0.800 0.597 
700 1.400 0.732 
1000 1.825 0.894 
1400 2.260 0.884 
1700 2.650 1.007 
2000 3.061 1.07 
 








10 0.057 0.116 
40 0.160 0.233 
70 0.339 0.386 
100 0.448 0.392 
400 0.950 0.729 
700 1.765 0.964 
1000 1.936 1.029 
1400 2.470 1.038 
1700 2.643 1.018 






Table B.13: Average Force Data for all Replications – Cutting Speed of 10 m/min 
(AL7075) 
Undeformed Chip 








10 0.366 3 0.536 4 
40 0.337 7 0.450 6 
70 0.471 17 0.585 7 
100 0.398 54 0.410 71 
400 0.750 24 0.556 40 
700 1.467 16 0.900 24 
1000 1.932 8 1.051 18 
1400 2.672 7 1.453 18 
1700 3.006 5 1.460 11 
2000 3.348 4 1.466 12 
 
Table B.14: Average Force Data for all Replications – Cutting Speed of 150 m/min 
(AL7075) 
Undeformed Chip 








10 0.078 33 0.303 86 
40 0.155 16 0.429 76 
70 0.373 14 0.540 46 
100 0.438 12 0.409 21 
400 0.813 17 0.589 29 
700 1.447 22 0.735 31 
1000 1.786 10 0.827 30 
1400 2.309 7 0.893 16 
1700 2.625 5 0.944 21 









Table B.15: Specific Cutting and Thrust Energy – Cutting Speed of 10 m/min (AL7075) 
Undeformed Chip 
Thickness (nm) 
Specific Cutting Energy 
(GPa) 
Specific Thrust Energy 
(GPa) 
10 36.6 53.6 
40 8.4 11.3 
70 6.7 8.4 
100 4.0 4.1 
400 1.9 1.4 
700 2.1 1.3 
1000 1.9 1.1 
1400 1.9 1.0 
1700 1.8 0.9 
2000 1.7 0.7 
 
 
Table B.16: Specific Cutting and Thrust Energy – Cutting Speed of 150 m/min (AL7075) 
Undeformed Chip 
Thickness (nm) 
Specific Cutting Energy 
(GPa) 
Specific Thrust Energy 
(GPa) 
10 7.8 30.3 
40 3.9 10.7 
70 5.3 7.7 
100 4.4 4.1 
400 2.0 1.5 
700 2.1 1.1 
1000 1.8 0.8 
1400 1.6 0.6 
1700 1.5 0.6 















Max Deformed Chip 
Thickness (nm) 
Min Deformed Chip 
Thickness (nm) σ (nm) 
10 455 555 333 82 
40 605 666 512 56 
70 568 625 531 34 
100     
400 1212 1312 1125 71 
700 1222 1500 1111 162 
1000 1485 1587 1396 72 
1400 2666 2833 2555 111 
1700 4632 4840 4560 121 
2000 12851 12970 12673 129 
 








Max Deformed Chip 
Thickness (nm) 
Min Deformed Chip 
Thickness (nm) σ (nm) 
10     
40     
70     
100 639 721 618 46 
400     
700 1887 2040 1734 153 
1000 2232 2320 2160 71 
1400 2253 2278 2215 34 
1700 2855 2965 2724 122 










Table B.19: Surface Roughness Measurement – Cutting Speed of 10 m/min (AL7075) 
Undeformed Chip 
Thickness (nm) Sq (nm) σ (nm) Sa (nm) σ (nm) 
40 82.2 31.6 26.8 4.5 
400 48.8 5.0 26.0 1.9 
1400 71.8 8.1 37.0 1.7 
2000 86.6 23.5 34.4 3.7 
 
Table B.20: Surface Roughness Measurement – Cutting Speed of 150 m/min (AL7075) 
Undeformed Chip 
Thickness (nm) Sq (nm) σ (nm) Sa (nm) σ (nm) 
40 77.2 12.9 42.0 16.8 
400 67.2 13.2 32.6 7.5 
1400 73.0 27.6 33.6 5.7 
2000 74.6 15.2 37.4 8.4 
 
 
Table B.21: Friction Coefficient – Cutting Speed of 10 m/min (AL7075) 


















Table B.22: Friction Coefficient – Cutting Speed of 150 m/min (AL7075) 



























0.3 5.81 6.43 5.40 5.71 6.39 5.33 
0.5 6.12 6.19 6.06 4.75 4.86 4.71 
0.7 6.89 7.12 6.56 4.83 5.11 4.45 
0.9 8.08 8.43 7.63 5.36 5.71 4.91 
1.1 9.35 9.95 8.83 6.01 6.50 5.47 
1.3 10.38 11.01 9.37 6.53 7.13 5.77 
1.5 11.78 12.30 11.35 7.31 7.84 6.85 
1.7 12.57 13.03 11.44 7.80 8.25 7.15 
2 14.25 14.65 13.90 8.74 8.90 8.50 
5 30.06 30.98 28.85 15.34 18.71 12.37 
10 47.69 55.30 43.51 21.98 26.51 18.24 
20 94.14 103.53 80.38 42.83 47.07 37.66 
30 131.61 143.78 122.67 57.72 61.15 51.43 
40 167.29 203.19 133.09 73.17 90.58 54.63 
50 216.90 252.77 192.63 96.47 113.46 76.72 





















0.3 4.03 4.17 3.89 3.11 3.29 3.00 
0.5 5.55 5.85 5.45 4.03 4.42 3.88 
0.7 6.92 7.29 6.50 4.95 5.35 4.58 
0.9 7.99 8.22 7.65 5.67 5.87 5.35 
1.1 8.98 9.52 8.46 6.25 6.81 5.76 
1.3 9.93 10.53 9.37 6.83 7.49 6.34 
1.5 10.96 11.68 10.07 7.49 8.26 6.64 
1.7 11.80 12.65 10.97 7.94 8.65 7.12 
2 12.86 13.68 12.03 8.47 9.07 7.60 
5 27.24 28.63 25.62 18.17 19.42 15.33 
10 46.12 51.03 40.94 34.13 36.05 30.98 
20 75.97 83.46 69.81 52.20 54.87 47.98 
30 99.64 104.00 96.57 67.09 70.56 63.18 
40 126.06 138.01 117.69 83.19 87.76 77.29 
50 163.65 175.81 153.64 131.13 143.79 113.24 
60 189.53 203.80 175.32 149.99 157.55 136.54 
 
Table B.25: Force Data 1st Set– Cutting Speed of 10 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 6.433 6.387 
0.5 6.104 4.709 
0.7 6.773 4.655 
0.9 7.878 5.015 
1.1 8.834 5.467 
1.3 9.365 5.771 
1.5 11.611 6.911 
1.7 12.462 7.506 
2 14.213 8.5 
5 29.67 16.93 
10 49.71 22.95 
20 90.03 40.12 
30 134.74 61.15 
40 164.40 74.58 
50 252.77 113.46 
60 281.87 122.40 
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Table B.26: Force Data 2nd Set– Cutting Speed of 10 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 5.397 5.430 
0.5 6.107 4.737 
0.7 6.863 4.839 
0.9 8.032 5.454 
1.1 9.949 6.503 
1.3 10.255 6.359 
1.5 11.402 7.130 
1.7 11.443 7.149 
2 14.650 8.900 
5 30.620 18.710 
10 55.300 26.510 
20 103.530 47.070 
30 125.760 57.310 
40 184.850 81.920 
50 210.670 92.640 
60 241.430 108.320 
 
Table B.27: Force Data 3rd Set– Cutting Speed of 10 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 5.884 5.787 
0.5 6.188 4.856 
0.7 7.114 5.103 
0.9 8.430 5.706 
1.1 9.553 6.264 
1.3 11.002 7.125 
1.5 12.224 7.807 
1.7 13.008 8.239 
2 13.915 8.726 
5 30.180 13.770 
10 44.080 18.240 
20 94.290 43.740 
30 143.780 60.410 
40 203.190 90.580 
50 229.220 103.330 
60 259.980 121.070 
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Table B.28: Force Data 4th Set– Cutting Speed of 10 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 5.406 5.328 
0.5 6.058 4.722 
0.7 7.123 5.110 
0.9 8.434 5.709 
1.1 9.578 6.282 
1.3 11.005 7.127 
1.5 12.297 7.840 
1.7 13.025 8.251 
2 13.896 8.712 
5 28.850 12.370 
10 43.510 20.500 
20 80.380 37.660 
30 122.670 51.430 
40 133.090 54.630 
50 199.220 96.220 
60 260.150 115.260 
 
Table B.29: Force Data 5th Set– Cutting Speed of 10 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 5.929 5.624 
0.5 6.161 4.733 
0.7 6.564 4.453 
0.9 7.628 4.909 
1.1 8.843 5.544 
1.3 10.271 6.258 
1.5 11.346 6.850 
1.7 12.914 7.841 
2 14.565 8.873 
5 30.980 14.900 
10 45.860 21.680 
20 102.470 45.540 
30 131.080 58.320 
40 150.920 64.160 
50 192.630 76.720 
60 225.330 88.360 
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Table B.30: Force Data 1st Set– Cutting Speed of 115 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 4.168 3.288 
0.5 5.493 4.007 
0.7 6.921 5.011 
0.9 7.922 5.758 
1.1 8.770 6.129 
1.3 9.374 6.343 
1.5 10.069 6.638 
1.7 10.969 7.118 
2 12.032 7.604 
5 26.130 19.420 
10 47.120 35.620 
20 76.700 53.760 
30 100.320 70.560 
40 121.890 87.760 
50 170.070 137.380 
60 188.000 156.300 
 
Table B.31: Force Data 2nd Set– Cutting Speed of 115 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 3.977 3.000 
0.5 5.494 3.952 
0.7 6.497 4.581 
0.9 7.645 5.347 
1.1 8.455 5.760 
1.3 9.618 6.550 
1.5 10.869 7.445 
1.7 11.084 7.400 
2 12.230 7.877 
5 28.630 18.900 
10 45.330 30.980 
20 75.460 51.850 
30 99.250 64.420 
40 132.230 80.600 
50 153.640 125.990 
60 192.420 149.090 
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Table B.32: Force Data 3rd Set– Cutting Speed of 115 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 4.049 3.118 
0.5 5.453 3.890 
0.7 7.215 5.138 
0.9 8.190 5.776 
1.1 9.111 6.338 
1.3 10.063 6.890 
1.5 11.102 7.589 
1.7 12.649 8.647 
2 12.932 8.730 
5 28.440 18.260 
10 51.030 35.290 
20 83.460 54.870 
30 104.000 69.960 
40 138.010 87.360 
50 175.810 143.790 
60 203.800 157.550 
 
Table B.33: Force Data 4th Set– Cutting Speed of 115 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 4.049 3.118 
0.5 5.445 3.884 
0.7 6.692 4.678 
0.9 7.994 5.598 
1.1 9.021 6.238 
1.3 10.051 6.881 
1.5 11.053 7.529 
1.7 12.223 8.234 
2 13.675 9.060 
5 25.620 15.330 
10 46.170 36.050 
20 74.420 52.530 
30 96.570 63.180 
40 117.690 77.290 
50 156.550 135.260 
60 175.320 150.490 
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Table B.34: Force Data 5th Set– Cutting Speed of 115 m/min (P20) 
Undeformed Chip Thickness (µm) Average Fc (N) Average Ft (N) 
0.3 3.893 3.040 
0.5 5.849 4.419 
0.7 7.293 5.345 
0.9 8.220 5.868 
1.1 9.523 6.808 
1.3 10.527 7.494 
1.5 11.682 8.259 
1.7 12.072 8.295 
2 13.406 9.072 
5 27.400 18.930 
10 40.940 32.690 
20 69.810 47.980 
30 98.070 67.350 
40 120.490 82.950 
50 162.180 113.240 
60 188.110 136.540 
 
Table B.35: Average Force Data for all Replications – Cutting Speed of 10 m/min (P20) 
Undeformed Chip 








0.3 5.81 11 5.71 12 
0.5 6.12 1 4.75 2 
0.7 6.89 5 4.83 8 
0.9 8.08 6 5.36 8 
1.1 9.35 6 6.01 9 
1.3 10.38 10 6.53 12 
1.5 11.78 4 7.31 7 
1.7 12.57 9 7.80 8 
2 14.25 3 8.74 3 
5 30.06 4 15.34 22 
10 47.69 16 21.98 21 
20 94.14 15 42.83 12 
30 131.61 9 57.72 11 
40 167.29 21 73.17 25 
50 216.90 17 96.47 20 
60 253.75 11 111.08 20 
188 
Table B.36: Average Force Data for all Replications - Cutting Speed of 115 m/min (P20) 
Undeformed Chip 








0.3 4.03 3 3.11 6 
0.5 5.55 5 4.03 10 
0.7 6.92 6 4.95 8 
0.9 7.99 4 5.67 6 
1.1 8.98 6 6.25 9 
1.3 9.93 6 6.83 10 
1.5 10.96 8 7.49 11 
1.7 11.80 7 7.94 10 
2 12.86 6 8.47 10 
5 27.24 6 18.17 16 
10 46.12 11 34.13 9 
20 75.97 10 52.20 8 
30 99.64 4 67.09 6 
40 126.06 9 83.19 7 
50 163.65 7 131.13 14 
60 189.53 8 149.99 9 
 
Table B.37: Specific Cutting and Thrust Energy – Cutting Speed of 10 m/min (P20) 
Undeformed Chip 
Thickness (µm) 
Specific Cutting Energy 
(GPa) 
Specific Thrust Energy 
(GPa) 
0.3 19.4 19.0 
0.5 12.2 9.5 
0.7 9.8 6.9 
0.9 9.0 6.0 
1.1 8.5 5.5 
1.3 8.0 5.0 
1.5 7.9 4.9 
1.7 7.4 4.6 
2 7.1 4.4 
5 6.0 3.1 
10 4.8 2.2 
20 4.7 2.1 
30 4.4 1.9 
40 4.2 1.8 
50 4.3 1.9 
60 4.2 1.9 
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Table B.38: Specific Cutting and Thrust Energy – Cutting Speed of 115m/min (P20) 
Undeformed Chip 
Thickness (µm) 
Specific Cutting Energy 
(GPa) 
Specific Thrust Energy 
(GPa) 
0.3 13.4 10.4 
0.5 11.1 8.1 
0.7 9.9 7.1 
0.9 8.9 6.3 
1.1 8.2 5.7 
1.3 7.6 5.3 
1.5 7.3 5.0 
1.7 6.9 4.7 
2 6.4 4.2 
5 5.4 3.6 
10 4.6 3.4 
20 3.8 2.6 
30 3.3 2.2 
40 3.2 2.1 
50 3.3 2.6 
60 3.2 2.5 
 
 







Max Deformed Chip 
Thickness (µm) 
Min Deformed Chip 
Thickness (µm) σ (µm) 
5 5.7 7.0 4.5 1.0 
10 11.9 13.8 9.3 1.8 
20 54.9 66.7 47.8 7.7 
30 54.4 70.0 46.7 9.3 
40 106.8 116.8 86.5 13.1 
50 149.2 177.3 122.2 21.7 














Max Deformed Chip 
Thickness (µm) 
Min Deformed Chip 
Thickness (µm) σ (µm) 
5 17.6 18.0 17.0 0.5 
10 21.4 24.6 18.6 2.2 
20 21.2 24.1 17.8 2.5 
30 58.2 65.0 48.6 6.5 
40 66.6 77.8 59.5 7.5 
50 102.7 111.4 87.6 9.8 
60 104.4 105.9 102.7 1.6 
 
 
Table B.41: Surface Roughness Measurement – Cutting Speed of 10 m/min (P20) 
Undeformed Chip 
Thickness (µm) Sq (µm) σ (µm) Sa (µm) σ (µm) 
0.5 1.29 0.09 0.99 0.08 
1.1 1.07 0.22 0.86 0.15 
2 1.21 0.12 0.96 0.08 
10 1.91 0.24 1.51 0.18 
20 3.20 0.86 2.61 0.73 
40 6.48  5.33  
 
Table B.42: Surface Roughness Measurement – Cutting Speed of 115 m/min (P20) 
Undeformed Chip 
Thickness (µm) Sq (µm) σ (µm) Sa (µm) σ (µm) 
0.5 1.18 0.07 0.95 0.06 
1.1 1.30 0.09 1.04 0.06 
2 1.09 0.06 0.86 0.06 
10 0.68 0.04 0.50 0.03 
20 0.71 0.04 0.56 0.05 
40 1.03 0.05 0.83 0.05 




Table B.43: Friction Coefficient – Cutting Speed of 10 m/min (P20) 








Table B.44: Friction Coefficient – Cutting Speed of 115 m/min (P20) 












(a)    (b) 
 
Figure B.1: AL7075 Chip Chart at Cutting Speed of 10 m/min. Undeformed Chip 
Thickness: (a) 10 nm (b) 40 nm (c) 70 nm (d) 100 nm (e) 400 nm (f) 700 nm (g) 1000 nm 
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(i)    (j) 
Figure B.1 (continued) 
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Figure B.2:  AL7075 Chip Chart at Cutting Speed of 150 m/min. Undeformed Chip 
Thickness: (a) 10 nm (b) 40 nm (c) 70 nm (d) 100 nm (e) 400 nm (f) 700 nm (g) 1000 nm 
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Figure B.3: SEM Image of the Rake Face of Diamond Cutting Tool at Cutting Speed of 
10 m/min. Undeformed Chip Thickness: (a) 10 nm (b) 40 nm (c) 70 nm (d) 100 nm (e) 
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Figure B.4: SEM Image of the Rake Face of Diamond Cutting Tool at Cutting Speed of 
150 m/min. Undeformed Chip Thickness: (a) 10 nm (b) 40 nm (c) 70 nm (d) 100 nm (e) 
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(i)    (j) 
Figure B.4 (continued) 
 
 
(a)     (b) 
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Figure B.5:  P20 Chip Chart at Cutting Speed of 10 m/min. Undeformed Chip Thickness: 
(a) 0.3 µm (b) 0.5 µm (c) 0.7 µm (d) 0.9 µm (e) 1.1 µm (f) 1.3 µm (g) 1.5 µm (h) 1.7 µm 
(i) 2 µm (j) 5 µm (k) 10 µm (l) 20 µm (m) 30 µm (n) 40 µm (o) 50 µm (p) 60 µm 
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(e)     (f) 
 
(g)     (h) 
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Figure B.6:  P20 Chip Chart at Cutting Speed of 115 m/min. Undeformed Chip 
Thickness: (a) 0.3 µm (b) 0.5 µm (c) 0.7 µm (d) 0.9 µm (e) 1.1 µm (f) 1.3 µm (g) 1.5 µm 
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Figure B.7:  Effects of Undeformed Chip Thickness on Surface Roughness at Cutting 
Speed of 10 m/min. Undeformed Chip Thickness: (a) 0.5 µm (b) 1.1 µm (c) 2.0 µm (d) 
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Figure B.8:  Effects of Undeformed Chip Thickness on Surface Roughness at Cutting 
Speed of 115 m/min. Undeformed Chip Thickness: (a) 0.5 µm (b) 1.1 µm (c) 2.0 µm (d) 

































Cutting Force, Fc (N) Thrust Force, Ft (N) Shear Angle, φ (º) 
10 0.366 0.536 0.7 
40 0.337 0.450 3.5 
70 0.471 0.585 7.0 
100 0.398 0.410  
400 0.750 0.556 18.3 
700 1.467 0.900 29.8 
1000 1.932 1.051 33.9 
1400 2.672 1.453 27.7 
1700 3.006 1.460 20.2 
2000 3.348 1.466 8.8 
 




Cutting Force, Fc (N) Thrust Force, Ft (N) Shear Angle, φ (º) 
10 0.078 0.303  
40 0.155 0.429  
70 0.373 0.540  
100 0.438 0.409 8.9 
400 0.813 0.589  
700 1.447 0.735 20.3 
1000 1.786 0.827 24.1 
1400 2.309 0.893 31.9 
1700 2.625 0.944 30.8 







Table C.3: Predicted Force Value and Shear Angle Using Oxley’s Model – Cutting Speed 






Force, Fc (N) 
Predicted Thrust 
Force, Ft (N) 
Predicted Shear 
Angle, φ (º) 
100 8.5 0.461 0.419 11.8 
400 8 1.447 1.207 14.2 
700 8 2.432 1.994 14.1 
1000 8 3.281 2.629 14.6 
1400 8 4.320 3.364 15.2 
1700 8 5.076 3.899 15.5 
2000 8 5.794 4.387 15.8 
 
Table C.4: Predicted Force Value and Shear Angle Using Oxley’s Model – Cutting Speed 






Force, Fc (N) 
Predicted Thrust 
Force, Ft (N) 
Predicted Shear 
Angle, φ (º) 
100 8 0.359 0.272 15.8 
400 7.5 1.092 0.714 18.8 
700 7.5 1.719 1.053 19.8 
1000 7.5 2.287 1.336 20.5 
1400 7.5 2.986 1.660 21.2 
1700 7.5 3.495 1.901 21.5 


















Table C.5: Average Force Value and Shear Angle – Cutting Speed of 10 m/min (P20) 
Undeformed Chip 
Thickness (µm) 
Cutting Force, Fc (N) Thrust Force, Ft (N) Shear Angle, φ (º) 
0.3 5.81 5.71  
0.5 6.12 4.75  
0.7 6.89 4.83  
0.9 8.08 5.36  
1.1 9.35 6.01  
1.3 10.38 6.53  
1.5 11.78 7.31  
1.7 12.57 7.80  
2.0 14.25 8.74  
5.0 30.06 15.34 24.4 
10 47.69 21.98 33.4 
20 94.14 42.83 32.8 
30 131.61 57.72 30.0 
40 167.29 73.17 21.1 
50 216.90 96.47 19.0 






















Table C.6: Average Force Value and Shear Angle – Cutting Speed of 115 m/min (P20) 
Undeformed Chip 
Thickness (µm) 
Cutting Force, Fc (N) Thrust Force, Ft (N) Shear Angle, φ (º) 
0.3 4.03 3.11  
0.5 5.55 4.03  
0.7 6.92 4.95  
0.9 7.99 5.67  
1.1 8.98 6.25  
1.3 9.93 6.83  
1.5 10.96 7.49  
1.7 11.80 7.94  
2.0 12.86 8.47  
5.0 27.24 18.17 10.4 
10 46.12 34.13 21.0 
20 75.97 52.20 45.7 
30 99.64 67.09 28.3 
40 126.06 83.19 32.3 
50 163.65 131.13 26.9 





















Table C.7: Predicted Force Value and Shear Angle Using Oxley’s Model – Cutting Speed 






Force, Fc (N) 
Predicted Thrust 
Force, Ft (N) 
Predicted Shear 
Angle, φ (º) 
10 7 74.42 84.85 6.4 
20 6 80.98 73.31 12.0 
30 6 110.67 95.35 13.1 
40 6 140.15 116.85 13.7 
50 6 169.18 137.72 14.1 
60 6 197.75 158.10 14.4 
 
Table C.8: Predicted Force Value and Shear Angle Using Oxley’s Model – Cutting Speed 






Force, Fc (N) 
Predicted Thrust 
Force, Ft (N) 
Predicted Shear 
Angle, φ (º) 
10 7 51.66 51.14 9.2 
20 5 51.20 30.02 20.7 
30 5 72.47 39.51 21.7 
40 5 92.88 48.01 22.4 
50 5 112.17 55.42 23.1 



















Table C.9: Predicted Force Value and Shear Angle Using Endres’ Model – Cutting Speed 
of 10 m/min (AL7075) 
Undeformed Chip Thickness 
(nm) 
Predicted Cutting Force, Fc (N) Predicted Thrust Force, Ft (N) 
10 0.047 0.025 
40 0.136 0.070 
70 0.137 0.063 
100   
400 0.356 0.111 
700 0.415 0.073 
1000 0.531 0.068 
1400 0.878 0.174 
1700 1.388 0.398 
2000 3.348 1.466 
 
Table C.10: Predicted Force Value and Shear Angle Using Endres’ Model – Cutting 
Speed of 150 m/min (AL7075) 
Undeformed Chip Thickness 
(nm) 
Predicted Cutting Force, Fc (N) Predicted Thrust Force, Ft (N) 
10   
40   
70   
100 0.372 0.306 
400   
700 1.360 0.707 
1000 1.706 0.736 
1400 1.941 0.515 
1700 2.416 0.693 










Table C.11: Predicted Force Value and Shear Angle Using Endres’ Model – Cutting 
Speed of 10 m/min (P20) 
Undeformed Chip Thickness 
(µm) 
Predicted Cutting Force, Fc (N) Predicted Thrust Force, Ft (N) 
5.0 19.11 7.56 
10 29.79 8.09 
20 55.99 13.18 
30 87.82 22.97 
40 149.59 57.75 
50 202.23 84.90 
60 253.63 111.03 
 
Table C.12: Predicted Force Value and Shear Angle Using Endres’ Model – Cutting 
Speed of 115 m/min (P20) 
Undeformed Chip Thickness 
(µm) 
Predicted Cutting Force, Fc (N) Predicted Thrust Force, Ft (N) 
5.0 26.98 49.21 
10 38.93 47.30 
20 54.81 16.23 
30 97.03 74.68 
40 121.23 71.91 
50 163.67 131.14 
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